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Triacylglycerols (TAG) are important energy storage molecules for nearly all 
eukaryotic organisms. In this study, we found that two gene products (Plh1p and Dga1p) 
are responsible for the terminal step of TAG synthesis in the fission yeast 
Schizosaccharomyces pombe through two different mechanisms: Plh1p is a phospholipid 
diacylglycerol acyltransferase, localizing to the endoplasmic reticulum, whereas Dga1p is 
an acyl-CoA:diacylglycerol acyltransferase localizing to the lipid droplets. Cells with 
both dga1+ and plh1+ deleted (DKO cells) lost viability upon entry into the stationary 
phase and demonstrated prominent apoptotic markers. Exponentially growing DKO cells 
also underwent dramatic apoptosis when briefly treated with diacylglycerols (DAGs) high 
salt or free fatty acids. Moreover, DKO cells have a compromised mating ability upon 
nutrient starvation. We provide strong evidence suggesting that DAG, not sphingolipids, 
mediates fatty acid-induced lipoapoptosis in yeast. Lastly, we show that generation of 
reactive oxygen species is essential to lipoapoptosis. Therefore, we suggest that the TAG 
biosynthesis in stressful conditions provides a buffering form for highly reactive or toxic 
molecules such as DAG or ROS. The inhibition of TAG synthesis in fission yeast may 
generate an endogenous stress environment to the cell, leading to a decreased viability 
and cell death. Future study should aim at understanding the mechanism by which DAG 
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   Chapter I. Introduction 
Triacylglycerol (TAG, also referred to as triglyceride and neutral lipids) is fatty acid 
triester of glycerol and is found in nearly all eukaryotic organisms. It is a unique 
molecule that has very strong chemical and physical properties: nonpolar, hydrophobic, 
water-insoluble, highly reduced and low in both density and biological toxicity. (Stryer, 
L., 1995) Because of its unique properties, TAG plays irreplaceable roles in biological 
systems.  
1.1. Functions of TAG 
The primary function of TAG is that it is the most concentrated form of energy 
available to biological tissues. The yield from the complete oxidation of fatty acid is 
about 9 kcal/g, in contrast with about 4 kcal/g for carbohydrates and proteins. In addition, 
if we consider the real physiological condition that as non-polar molecules, TAGs are 
stored in a nearly anhydrous form whereas polar molecules such as proteins and 
carbohydrates are highly hydrated, the potency of TAG as the energy store is far more 
considerable. For example, a gram of nearly anhydrous fat stores energy more than 6 
times higher than that of a gram of hydrous glycogen which binds about 2 grams of water 
under normal state (Stryer. L., 1995). Hence, during evolution, in term of weight saving, 
TAG possesses huge advantages over carbohydrates or proteins to be selected as the 
major energy reservoir, particularly in higher animals which have to carry their energy 
reserves with them and have to travel as light as possible.  
The secondary, but not secondary in importance, recognition for the function of 
TAG is that it provides a benign form of fatty acid, acyl-CoA and diacylglycerol (DAG) 
storage and transport. One of the major advantages of TAG is its biological inertness, 
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which renders low biological toxicity and makes TAG to be well tolerated in the short 
and medium terms even at high concentrations in the blood plasma (Gibbons G. F., et al, 
2000). The transformation of fatty acids or DAG into TAG is obviously an effective 
strategy to avoid cytotoxicity or initiation of harmful signal transduction induced by them 
(Coleman RA and Bell RM, 1976). Therefore, the formation of TAG  itself plays an 
important role in cellular detoxification. 
Thirdly, TAG is a rich source of fatty acids, DAG and other important molecules. 
TAG can be partially hydrolyzed to form DAG, a precursor of the major phospholipids: 
phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine. The DAG 
hydrolyzed from TAG can be also phosphorylated to form phosphatidate (PA), the 
precursor of phosphatidylinositol (PI), phosphatidylglycerol and cardiolipin (Coleman 
RA and Lee DP, 2004). As a result, TAG would indirectly participate in the construction 
of membranes. 
Besides the above functions, which are paid with close attentions in recent years, 
TAG also plays other specific and interesting but less mentioned roles. For instance, 
marine animals such as the sperm whale store large quantity of TAG, whose lower 
density allow them to match the buoyancy of their bodies to their surroundings during 
deep dive in cold water. For seals, walruses, penguins, and other warm-blood polar 
animals, the amply padded TAG under the skin serves not only as energy stores but also 
as insulation against low temperature. (Nelson, D. L. and Cox, M .M., 2000).  
In nature, TAG allows animals to finish the hardest missions. Migrating birds 
traveling the vast non-stop distances are powered almost exclusively by fat reserves. The 
extra weight of carbohydrate required to produce the same calories would prevent the 
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birds from ever becoming airborne. In terms of human survival, the first unaided crossing 
of the polar ice cap was made possible by the very high butter-fat content of the 220 kg of 
food reserves aboard the sledges which were man-powered over the frozen wastes 
(Gibbons G. F., et al, 2000). Another case is related to hibernating grizzly bears. They 
store enormous amount of body fats (most of which are TAG) in preparation for their 
long sleep.  Using body fat as their sole fuel, bears can survive the whole winter without 
eating, drinking, urinating or defecating (Nelson, D. L. and Cox, M .M., 2000). 
Indeed, the appearance of TAG is again a victory of nature to show how a specific 
molecule is created for particular aims. The advent of TAG is a significant event in 
evolution. The way through which TAG works, releasing fatty acid when fuel is on 
demand and storing fatty acid when energy is in surplus, makes it possible for organisms 
to roam freely in the environment, independently of their food sources, and migrate 
across barren terrain to fertile areas. Without the arrival of the TAG, it is doubtful 
whether many of today’s mammals could have survived the cycles of famine that have 
always plagued them (Neel, J-V., 1999). 
1. 2 Synthesis of TAG and its metabolic pathways 
1.2.1 Biosynthesis of TAG 
In mammals, there are two relatively conserved pathways of TAG biosynthesis, 
namely the phosphatidic acid pathway and monoacylglycerol pathway. 
1.2.1.1 Phosphaditic Acid Pathway 
This pathway is largely identified by Kennedy and his coworkers in the 1950s. Just 
as the name of the pathway, synthesis of TAG requires formation of its precursors 
phosphatidic acid (PA). In the first step, PA utilizes either glycerol-3-phosphate (G-3-P) 
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or dihydroxyacetone-phosphate (DHAP) as precursors (Fig. 1.1). G-3-P is acylated by G-
3-P acyltransferase (GPAT) at the sn-1 position to form 1-acyl-G-3-P (lyso-phosphatidic 
acid, LPA), and then by 1-acyl-G-3-P acyltransferase (AGAT) in the sn-2 position, 
yielding PA. Alternatively, DHAP is either reduced to sn-glycerol-3-phosphate by 
reductase or acylated at the sn-1 position to generate 1-acyl-DHAP by DHAP 
acyltransferase (DHAPAT). The product 1-acyl-DHAP formed is reduced by 1-acyl-
DHAP reductase (ADR) to yield LPA, which is further acylated to PA by AGAT. Here, it 
needs to be pointed out that the generation of PA is the committed step in glycerolipid 
biosynthesis, comprising the initial steps in other various glycerophopholipids formation 
(Coleman, R.A., et al, 2000).   
PA can also be formed from phospholipids through the action of a phospholipase D, 
or by phosphorylation of DAG through DAG kinase (Fig. 1.1). Activation of PA with 
cytidine triphosphate (CTP) by a CDP-DAG synthase leads to the formation of CDP-
DAG, the precursor for phosphatidylinositol (PI), phosphatidylglycerol, cardiolipin, 
phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidylcholine (PC) 
(Carman, G. M and Henry, S. A., 1999; Sorger, D. and Daum, G., 2003). 
For TAG biosynthesis, dephosphorylation of PA by a phosphatidate phosphatase 
(PAP) yields DAG (Fig. 1.1), which is also formed from TAG by TAG lipases or from 
phospholipids through the action of a phospholipase C. DAG is a precursor for 
aminoglycerophospholipids via the Kennedy pathway and therefore a key intermediate in 
membrane lipid biosynthesis (Carman, G. M and Henry, S. A., 1999; Sorger, D. and 
Daum, G., 2003), and substrate to DAG acyltransferases (DAGATs), which convert DAG 
to TAG using different acyl donors. 
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About 93% of TAG is produced via the esterification of glycerol-3-phosphate under 
normal physiological conditions in liver (Declercq P.E., et al, et al, 1984) while DHAP 
esterification is responsible for the rest. However, contribution of the DHAP sub-pathway 
is not clearly understood and may depend on the cell type investigated and the 
experimental conditions. In 3T3-L1 adipocytes, for example, it was reported that 40–50% 
of the TAG synthesized is derived from glucose via the DHAP sub-pathway (Hajra, A.K., 
et al, 2000). In fact, the types and the localizations of enzymes and substrates are 
different between G-3-P sub-pathway and DHAP sub-pathway.  For example, GPAT 
localizes on ER and mitochondria while some of the DHAPATs are located in 
peroxisomes. It is suggested that DHAP sub-pathway contributes significantly to hepatic 
TAG synthesis in untreated type 1 diabetes when mitochondria GPAT expression is very 
low (Coleman R. A. and Lee D. P., 2004). 
      One of the important features of TAG biosynthesis pathway is that multiple isoforms 
of enzymes catalyze the same chemical reaction. In some cases, these isoenzymes are the 
products of different genes, in others, they are encoded by the same gene but are 
modified by alternative splicing or post-translational changes. For example, three 
isoenzymes of GPAT have been identified based on differences in their pH optima, Km 
values, sensitivity to heat and sulfhydryl reagents, and subcellular localization (E. 
Saggerson, et al 1980; Lewin, T.M., et al, 2004). Another case is the enzymes for DAG 
esterification. To date, three independent gene families in the acyltransferase 
superfamilies, namely DGAT1, DGAT2 and PDAT, have been reported to involve in 

























Fig1.1 Overview of TAG biosynthesis in mammalian system. The two pathway of TAG 
biosynthesis are phosphatic acid pathway and monoacylglycerol pathway, marked I and II 
respectively. Green enzymes: ACS, acyl-CoA synthetase; DGAT, diacylglycerol acyltransferase; 
DGK, DAG kinase; DHAP, dihydroxyacetone-phosphate; DHAPAT, dihydroxyacetone-
phosphate acyltransferase; GPAT, glycerol-3-phosphate acyltransferase; MGAT, 
monoacylglycerol acyltransferase; PLC, phospholipids lipase C; PLD, phospholipids lipase D. 
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the pathway of TAG and phospholipid biosynthesis. Within the cell, there appear to be  
separate lipid pools, and these isoenzymes may participate in distinct biological pathways 
(Rustow B. and Kunze D., 1985; Binaglia, L., et al ,1982).       
1.2.1.2. Monoacylglycerol Pathway 
In mammals, the monoglycerol pathway primarily takes place in the intestinal 
mucosal cells, hepatocytes and adipocytes. After pancreatic lipase preferentially 
hydrolyzes the sn-1 and sn-3 ester bonds of dietary TAG, the resulting sn-2-
monoacylglycerol and fatty acid products enter enterocytes (D.P. Lee, et al, 2001). 
Monoacylglycerol is converted to DAG in a reaction catalyzed by monoacylglycerol: 
acyl-CoA acyltransferase (MGAT) (J.M. Johnston, et al, 1970). DAGs are then converted 
to TAG by acyltransferase (Fig1.1).    
 
Provided the fact that in de novo TAG biosynthesis, acylation of G-3-P with long-
chain fatty acyl-CoA to form 1-acyl-glycerol 3-phosphate or lysophosphatic acid (LPA) is 
the initial and rate-limiting step (Coleman, R. A., et al, 2000) and DAG esterification is 
the final and only comitted step to form TAG, it is necessary to introduce the enzymes 
responsible for these two important steps in the following. 
1.2.1.3 GPAT 
The first two isoforms of GPAT were identified based on differences in their pH 
optima, Km values, sensitivity to heat and sulfhydryl reagents, and subcellular 
localization (E. Saggerson, et al 1980). Although these two isoenzymes catalyze the same 
reaction, their localizations are different with one locating in mitochondria while the 
other locating in microsomes (Chakraborty, T.R, et al, 1999; Coleman, R.A. and Bell, 
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R.M., 1978). Microsomal GPAT is a N-ethylmaleimide (NEM)-sensitive isoform while 
mitochondria GPAT is a NEM-resistant isoform (Lewin, T.M., et al, 2004). In addition, it 
appears that activity of the two isoenzymes is tissue-specific because in liver, both 
microsome and mitochondria exhibit equal GPAT activity while in tissues other than 
liver, microsomal GPAT activity is about ten times higher than that of mitochondria (Bell, 
R.M. and Coleman, R.A. 1983).  Moreover, accumulated evidence implies discrepancy of 
these two isoforms in substrate preference and sensitivity to starvation and differentiation 
(McGarry, J.D. and Foster, D.W., 1980; Coleman, R.A. and Bell, R.M., 1980; Yet S-F, et 
al, 1993). Mitochondria GPAT prefers C16:0-CoA while microsomal isoform displays 
equal activity to both saturated and unsaturated long-chain acyl-CoAs (Bell, R.M. and 
Coleman, R.A. 1983). Because most naturally occurring glycerolipids contain saturated 
fatty acids at the sn-1 position and unsaturated fatty acids at the sn-2 position, it is 
suggested that mitochondria GPAT may play a dominant role in the formation of TAG 
(Haldar, D., et al, 1979). Recently, a second mitochondria GPAT has been identified. 
Unlike the first mitochondria GPAT, this GPAT is as NEM-sensitive as microsomal 
GPAT, does not prefer C16:0-CoA, is inhibited by DHAP and polymixin B, temperature-
sensitive, and not activated by acetone (Lewin, T.M., et al, 2004). 
In yeast, two GPAT homlogs, namely Gat1p and Gat2p, have been identified (Zheng, 
Z., and Zou, J. 2001). Gat1p and Gat2p were shown to be able to catalyze the acylation of 
both G-3-P and DHAP. In vitro biochemical assays showed that Gat1p could acylate G-3-
P and DHAP with similar efficiencies and could use a broad range of fatty acids as acyl 
donors. Gat2p, on the other hand, prefers G-3-P and 16 carbon fatty acids. A reduced PA 
pool and an increased PS/ PI ratio were observed in both gat1 and gat2 single deletion 
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strains. Deletion of GAT1 resulted in a 50% increase in the rate of TAG synthesis 
whereas deletion of GAT2 reduced the rate of TAG synthesis by 50% (Zaremberg, V., 
and McMaster, C.R. 2002). These results suggest that acylation through Gat2p is the 
major route for the downstream synthesis of TAG. 
1.2.1.4 DAG acyltransferase 
The final step in TAG synthesis is the acylation of DAG (Figure 1.1), which is 
regarded as the only committed reaction for TAG synthesis in the glycerolipid pathway 
since DAG is diverted from membrane glycerophospholipid biosynthesis (Bell, R.M., and 
Coleman, R.A., 1980). Several enzymes identified from single cell organism to 
mammalian sources are responsible for this step, namely diacylglycerol:acyl-CoA 
acyltransferase (DGAT) (EC 2.3.1.20) (Lehner R, Kuksis A., 1996), sn-1,2(2,3)-
diacylglycerol transacylase (R. Lehner and A. Kuksis, 1993), wax ester/DGAT(R. 
Kalscheuer and A. Steinbuchel, 2003), or lecithin-DAG transacylase (P. Oelkers,  et al, 
2000). Of these enzymes, the DGAT catalyzes acyl-CoA dependent acylation of DAG 
while the others, DAG transacylase and lecithin-DAG transacylase, utilize sources other 
than acyl CoA as the acyl chain donor. Besides the discrepancy of the substrates, the 
above enzymes are also diverse in terms of activity, regulation, localization and 
distribution. 
1.2.1.4.1 DGAT 
DGAT includes two protein families: DGAT1 and DGAT2. DGAT1 is a member of 
acyl-CoA:cholesterol acyltransferase (ACAT) (S. Cases, et al, 1998) family. ACAT was 
firstly isolated by Dr. Ta-Yuan Chang in 1993 by genetic complementation, a landmark 
achievement. Since then, ACAT isoforms in yeast and mice, and additional 
 31
acyltransferase in human has been identified (Buhman.K.K. , et al, 2001). Using mouse 
ACAT1 sequence as probe, Case. S and colleagues identified a gene encoding DGAT1. 
The mouse DGAT1 and mouse ACAT1 share 20% sequence identity with the conserved 
FYxDWWN motif that may be required for acyl-CoA binding (Buhman K.K., et al, 2001) 
and the same conserved serine that is required for ACAT activity (Cases. S., et al, 1998). 
The topographic structure of DGAT-1 is likely to have similar seven transmembrane 
domains of ACAT1 (Lin, S., et al, 1999). In addition, just like ACAT1 (Yu. C., et al, 
1999), DGAT1 (Cheng. D., et al, 2001) is homotetramer. Activity of DGAT-1 is found in 
almost every tissue of human beings and is highest in adipose tissue and small intestine 
(Cases, S., et al, 2001). Homologues of DGAT1 have also been found in Drosophila (M. 
Buszczak, et al, 2002) and plants (Routaboul, J.M., et al, 1999). Since the discovery of 
DGAT1, It was once believed that it would be the only acyl-CoA dependent enzyme 
responsible for DAG esterification. However, the demonstration of normal plasma TAG 
levels and abundant TAG in adipose tissue of DGAT1−/− mice strongly indicate that 
alternative mechanisms exist for synthesizing TAG. In 2001, a second DGAT (DGAT2) 
from various species has been identified by sequence homology to two DGATs 
(MrDGAT) purified from the lipid bodies of the fungus Mortierella rammaniana 
(Lardizabal, K. D., et al, 2001; Cases. S., et al, 2001). DGAT2 belongs to a new gene 
family that is non-relative to DGAT1. The predicted protein of DGAT2 may have two 
transmembrane domains (Cases, S., et al, 2001) with some weak similarities to the motif 
III in members of the glycerolipid acyltransferase family (Coleman. R.A. and Lee. D.P., 
2004). Similar to DGAT1, DGAT2 also utilizes fatty acyl-CoA as the acyl donor with 
DAG as the only acyl acceptor (Cases, S., et al, 2001). One of the remarkable differences 
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between DGAT1 and DGAT2 is that activity of DGAT2 is decreased by a high 
concentration (100 mM) of MgCl2, showed by a in vitro assay (Cases. S., et al, 2001). In 
human beings, DGAT-2 is present in many tissues and is high expressed in the liver and 
white adipose tissue (Cases. S., et al, 2001). Besides mammals, homologues of DGAT-2 
present in fungi and plants (Lardizabal, K. D., et al, 2001).  
1.2.1.4.2. DAG transacylase 
DAG transacylase is the only acyl CoA independent DAG acyltransferase so far 
found in mammals. This enzyme was purified 550-fold from microsomal membranes of 
rat intestinal mucosa cells with an activity that can be partially blocked by lipase/esterase 
inhibitors not by acyltransferase inhibitors (Lehner, R. and Kuksis, A., 1993). 
1.2.1.4.3. Lecithin-DAG transacylase 
Lecithin-DAG transacylase is also called as phospholipid:diacylglycerol 
acyltransferase (PDAT), which was firstly cloned through its homology to human lecithin 
cholesterol acyltransferase (LCAT). This enzyme catalyzes acyl CoA-independent 
esterification of DAG whereby an sn-2 acyl group is transferred from phospholipids to 
sn-3 of DAG (Dahlqvist, A., et al, 2000; Oelkers, P., et al, 2000). PDAT is present in 
both plants and yeasts (Dahlqvist, A., et al, 2000). PDAT of budding yeast, namely Lro1p, 
has 27% identity to human LCAT in sequence with conserved serine lipase motif and 
catalytic triad. Besides PC, Lro1p can also use other phospholipids as substrates, with the 
strongest preference for PE. In addition, the PDAT activity was detected exclusively in 
the ER but not in lipid particles (Sorger, D. and Daum, G. 2003). 
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1.2.1.4.5 Regulation of enzymes responsible for DAG esterification 
Regulation of DGAT in mammals is yet to be clarified. It has been found that in 
differentied 3T3-L1 adipocytes, specific activities of DGAT were about 60-fold greater 
than those in undifferentiated 3T3-Ll (Coleman R.A., et al, 1978). Further studies 
showed that this increased activities is accompanied by ~7-fold and 30-fold increase in 
DGAT1 mRNA (Y.-H. Yu, et al, 2002) and DGAT-2 mRNA(Cases, S., et al, 2001), 
respectively. These data suggest that DGAT is partly posttranscriptionally regulated.  A 
study suggested that the decreased TAG biosynthesis upon the presence of 
eicosapentaenoic acid and tetradecylthioacetic acid would be partly due to the inhibition 
of DGAT activity (Berge, R.K., et al, 1999). 
1.2.2 Hydrolysis of TAG 
The breakdown of TAG is carried out in 3 consecutive steps that are historically 
recognized to be facilitated by three enzymes: TAG lipase, DAG lipase and 
monoacylglycerol lipase, respectively. Only TAG lipase is activated by hormones such as 
epinephrine, which renders its being reputed as hormone sensitive lipase (HSL) (Holm, 
C., et al, 2000). TAG lipase hydrolyzes fatty acids from carbon atoms 1 or 3 of TAG. The 
resulting DAG are substrates for either HSL or for the non-inducible enzyme DAG lipase. 
Finally the monoacylglycerols are substrates for monoacylglycerol lipase( MGL) (Fig1.2). 
The net result of the action of these enzymes is three moles of free fatty acid and one 
mole of glycerol. The free fatty acids diffuse from adipose cells, bind albumin in the 




Studies showed that HSL might not be the only TAG lipase. Targeted deletion of the 
murine Hsl gene reduced only 50% of the basal TAG lipase activity of the adipose tissue, 
revealing that another TAG lipase activity exists in adipocytes (Wang, S.P., et al, 2001; 
Osuga, J., et al, 2000). An enzyme identified as TAG hydrolase (TGH) was purified from 
porcine liver microsomes and characterized (Lehner, R., et al, 1997). TGH differs from 
HSL in that it hydrolyzes long-, medium and short-chain TAGs, but not phospholipids or 
acyl-CoA thioesters (Lehner, R and D.E. Vance., 1999). Sequence analysis showed that 
TGH belongs to the family of mammalian carboxylesterases (E.C. 3.1.1.1), which are 
enzymes characterized by their ability to hydrolyze ester (including lipid ester), thioester, 
or amide bonds (Dolinsky, VW., et al, 2001). It is suggested that TGH may contribute a 
major portion of adipocyte basal lipolysis (Gilham, D. and Lehner, R., 2004). The role of 
TGH in lipid homeostasis and its regulation remained to be elucidated. 
Recently, a third TAG lipase has been identified in mammalian adipose tissue, 
namely adipose TAG lipase (ATGL), which catalyzes the initial step in triglyceride 
hydrolysis. ATGL contains a "patatin domain" common to plant acyl-hydrolases and is 
highly expressed in adipose tissue of mice and humans (Zimmermann, R., et al, 2004). 
This lipase is associated with lipid droplets. It was proposed that ATGL and HSL 
coordinately catabolize stored TAG in the adipose tissue of mammals (Zimmermann, R., 
















1.3. Regulation of TAG metabolism 
In order to survive, living organisms must continuously modulate their metabolism 
in response to the changing nutritional environment. TAG level is regulated between 
TAG breakdown (lipolysis) and biosynthesis (lipogenesis). Evidence gathered over 
passed years has shown that this balance is highly responsive to the nutritional changes in 
the environment and is tightly regulated by hormones, neurotransmitters and other 
effector-molecules (Kersten, S., 2001). The regulation of TAG metabolic pathways 
involves rapid modulation of the activity of specific proteins but also, on a longer-term 
Fig 1.2. Hydrolysis of TAG. The breakdown of TAG is carried out in 3 consecutive 
steps that are historically recognized to be facilitated by three enzymes: TAG lipase, 
DAG lipase and monoacylglycerol lipase, respectively. 














































basis, changes in their quantity, the latter of which is often achieved by modulating the 
transcription rate of their genes.  
1.3.1 Nutritional regulation of TAG metabolism 
Polyunsaturated fatty acids are reported to reduce lipogenesis, which might be due 
to their abilities to suppress expression of lipogenetic gene in liver, including that of fatty 
acid synthase, spot14 and stearoyl-CoA desaturase (Jump, D.B., et al, 1994). Further 
studies implied that this effect could be obtained by suppresing the mRNA transcription 
of SREBP-1 (Kim, J.B., et al., 1998; Mater, M.K., et al, 1999), or by inhibiting the 
proteolytic processing of the SREBP-1 precursor (Thewke, D.P., et al, 1998) (Fig 1.3). In 
contrast, high-carbohydrates diet was shown to stimulate lipogenesis in both liver and 
adipose tissues, resulting in elevated postprandial plasma TAG levels. On the other hand, 
fasting could induce net loss of TAG from fat cells through reducing lipogenesis in 
adipose tissue and increasing rate of lipolysis (Kerstan. S, 2001).  
Glucose is another critical factor to initiate TAG biosynthesis. Plasma glucose is an 
indicator of reduced or excess food intake and could be translated into altered levels of 
lipogenic genes (Kersten, S., 2001). There are several mechanisms through which plasma 
glucose levels promote TAG lipogenesis (Fig1.3). First, glucose itself is a source for 
lipogenesis. When total energy intake overruns energy expenditure, excess glucose in the 
cell is first converted to pyruvate via glycolysis (see review by Sul, H.S. and Wang, D, 
1998). After glycolysis, acetyl-CoA and malonyl-CoA are generated in an ATP-
dependent manner. Acetyl-CoA and malonyl-CoA are then used as the substrates for the 
formation of palmitate by the seven enzymatic reactions catalyzed by fatty acid synthase 
(FAS). The fatty acids thus formed are then used for the synthesis of TAG. Secondly, 
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glucose stimulates the expression of lipogenic genes. It has been shown that in the liver, 
the presence of elevated concentrations of glucose is essential to induce the expression of 
the L-pyruvate kinase (L-PK), FAS, and acetyl-coenzymeA carboxylase (ACC) (Girard, 
J., et al, 1994). Studies also demonstrated that glucose stimulates the transcriptional 
activity of the promoter of these genes (Mourrieras, F., et al, 1997). Finally, glucose 
increases release of insulin while decreases the secretion of glucagon from the pancreas, a 




















Fig 1.3.  Regulation of nutritional factors onTAG metabolism. Polyunsaturated fatty acids 
decrease lipogenesis by suppressing gene expression, which is achieved by inhibiting the 
expression of SREBP-1. 
Plasma glucose levels stimulate lipogenesis via several mechanisms. First, glucose itself is a 
source for TAG lipogenesis. By being glycolytically converted to acetyl-CoA, glucose promotes 
fatty acid synthesis. Secondly, glucose promotes the expression of lipogenic genes. Finally, 
glucose increases release of insulin while decreases the secretion of glucagon from the pancreas, a 





























1.3.2 Hormonal regulation and signaling pathways involved in TAG metabolism 
1.3.2.1 Hormonal regulation and signaling pathways in TAG lipogenesis 
Insulin has long been suggested as the most important hormonal factor positively 
influencing TAG lipogenesis (Kersten, S., 2001). It is believed that insulin stimulates 
TAG synthesize in hepatocytes and its storage in adipose tissue. In addition, insulin is 
reported to inhibit lipolysis of TAG (O’Brien, R.M. and Granner, D.K. 1996). It is 
suggested that the binding of insulin to insulin receptor (IR) at the cell surface plays an 
important role to achieve these positive effects on lipogenesis (Nakae and Accili, 1999). 
Once the tyrosine kinase activity of IR is triggered, it induces a plethora of downstream 
effects via tyrosine phosphorylation (Lodish, et al, 1999). Phosphatidylinositol-3 kinase 
(PI-3 kinase) (White, M.F.and Kahn, C.R., 1994), which is suggested to play a critical 
role in insulin-induced lipogenesis, is one of the responsive proteins activated during this 
phosphorylation cascade (Lodish, et al, 1999). Activated PI-3 kinase eventually results in 
the net dephosphorylation/inactivation of HSL, and thus reduced lipolysis (Shepherd, 
P.R., et al, 1996). 
Besides the immediate effects, insulin also has long-term effects on the expression 
of other lipogenic genes. It is found that insulin stimulates transcription of the FAS and 
mitochondrial GPAT genes. (Paulauskis, JD and Sul HS., 1989). Cycloheximide 
abolishes this effect (Paulauskis, J. D. and Sul H. S., 1989) suggesting that transcriptional 
regulation of the FAS and GPAT genes by insulin requires ongoing protein synthesis. 
Studies also indicated that insulin positively influence lipogesis via its effect on a 
lipogenic transcription factor, sterol regulatory element-binding protein (SREBP), which 
is discussed in the following.  
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1.3.2.2 Hormonal regulation and signaling pathway in TAG lipolysis  
1.3.2.2.1 Catecholamines and glucagon 
Catecholamines (a group of biogenic amines that are neural transmitters, and include 
dopamine, norepinephrine and epinephrine (adrenaline) and glucagon are important 
inducers of lipolysis and HSL is one of the major targets of this regulation (Langfort, J., et 
al, 1999) 
In response to energy demands or during starvation, glucagon, epinephrine or β-
corticotropin binds to cell surface receptors, the β-adrenergic receptors. Upon ligand 
binding, Gs-protein complex is stimulated and coupled to adenylate cyclase; Activation 
of adenylate cyclase leads to an increased production of cAMP and activation of protein 
kinase A (PKA) (Holm, C., 2003) (Fig 1.4). One of the main targets for PKA 
phosphorylation is HSL, which is phosphorylated at three serine residues: 563, 659 and 
660 (numbering for rat HSL) (Anthonsen, M.W., 1998). In vitro assay showed that 
phosphorylation of HSL increases its TAG hydrolytic activity while in vivo, it was 
demonstrated that phosphorylation also results in the translocation of the enzyme from a 
cytosol the lipid droplet (Clifford, G.M., et al, 1997) (Fig 1.4).   
The cAMP, generated through hormone binding, not only exerts immediate effects 
via PKA signaling pathway, but also involves in long-term regulation of the critical 
enzymes for TAG synthesis. For example, treatment of mature 3T3-L1 adipocytes with 
dibutyryl cAMP caused a 60% and 80% decrease in FAS mRNA and the rate of enzyme 
synthesis, respectively (Paulauskis JD and Sul HS, 1988).   
Studies have shown that catecholamines can also stimulate lypolysis through 
cAMP/PKA-independent pathway, which involves ERK (extracellular-signal-regulated 
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kinase) 1/2 MAP (mitogen-activated protein) kinase (Holm, C., 2003). Studies showed an 
increase of free fatty acid release from fat cells occurs upon stimulation of the MAPK 
pathway (Greenberg, A.S. et al, 2001). It has been further shown that this pathway is 
activated through β3-adrenergic receptor coupling to Gi, thus leading to activation of 
ERK1/2 (Soeder, K.J. et al, 1999). And it is proposed that the activated ERKI/2 
phophorylates HSL on ser-600, resulting in an increased activity of the enzyme 

















Fig 1.4. Regulation of TAG hydrolysis. Binding of agonists to β-adrenergic receptors (β-AR), 
coupled to the adenylate cyclase (AC) via the stimulatory G-protein (Gs), increases the levels of 
cAMP. This in turn leads to activation of PKA, which phosphorylates HSL at three serine 
residues. PKA phosphorylation of HSL causes translocation from the cytosol to the lipid droplet, 
β3-Adrenergic agonists have been suggested to stimulate lipolysis via a concerted activation of 
PKA and ERK1/2 MAP kinase, accomplished through dual coupling of the β3-adrenergic 
receptor to Gs and Gi. TG, triglycerides; DG, diglycerides; MG, monoglycerides; MGL, 




Since its discovery in 1994, leptin is recognized as the principal hormone of 
liporegulation (Lee Y, et al, 2001). The primary role of leptin is still a topic of 
controversy. However, an opinion that wins more recognition recently is that the major 
physiological role of leptin is not to prevent obesity via the hypothalamus, but rather to 
permit overnutrition and deposition of body fat to occur without metabolic injury to 
nonadipose tissues (Unger, R.H., 2002). This effect of leptin is suggested to be achieved 
through its antisteatotic action, which leads to the storage of surplus calories only in 
adipocytes, and thus preventing excess lipid during overnutrition pouring into the 
nonadipose tissues and spoiling their functions (Unger RH, et al, 1999; Unger RH, 2000).  
For example, it is reported that rodents deficient in leptin action developed hyperphagia 
and obesity. Extensive steatosis took place in nonadipose tissues including liver, heart, 
pancreatic islets, kidneys and skeletal muscle (Unger, RH and Orci, L., 2001.). 
Studies have demonstrated antilipogenic, pro-oxidative metabolic effect of leptin on 
its peripheral nonadipose target tissues (Unger RH, 2002). Leptin stimulates fatty acid 
oxidation and inhibits lipogenesis (Bai, Y., et al 1996; Wang, M., et al, 1999), inducing 
the release of glycerol from adipocytes (Siegrist-Kaiser, C.A. et al.1997). The 
lipogenesis-supression effect is achieved by down-regulating the expression of genes 
involved in fatty acid and TAG synthesis (Soukas, A., et al, 2000), such as acetyl CoA 
carboxylase (ACC) and fatty acid synthase (FAS) in fat (ZhouYT, et al, 1997), SREBP-1 
in liver (Kakuma T, et al, 2000), and peroxisome proliferator-activated receptor (PPAR)- 
γ2. At the same, leptin upregulates oxidative factors and enzymes including carnitine 
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palmitoyl transferase (CPT)-1 and acyl CoA oxidase (ACO) (Lee, Y., et al, 2002).  As a 
result, leptin effectively inhibits the excessive storage of lipid in non-adipose tissue.  
 
In conclusion, it appears that leptin and glucagon are the counter partners of insulin 
in TAG regulation, both in long term and immediate context. The insulin-mediated 
lipogenesis is inhibited by leptin and glucagons through the downregulation of SREBP-1 
and activation of HSL. On the other hand, insulin antagonizes the ability of leptin and 
glucogan to decrease the production of very low density lipoprotein (VLDL) (the major 
plasma carrier of TAG) in liver. Thus, leptin, together with glucagon and insulin, plays a 
major role in regulation of TAG metabolism and its distribution.  
1.3.2.3 Transcritional regulation of TAG metabolism by SREBP1 
SREBPs belong to the basic helix-loop-helix–leucine zipper (bHLH-Zip) family of 
transcription factors, but they differ from other bHLH-Zip proteins in that they are 
synthesized as inactive precursors bound to the endoplasmic reticulum (ER) (Horton JD., 
et al, 2002). Mammalian genomes encode three SREBP isoforms, designated SREBP-1a, 
SREBP-1c, and SREBP-2. Different from SREBP-2 that was shown previously to 
stimulate the expression of genes involved in cholesterol metabolism, such as the LDL 
receptor, farnesyl pyrophosphate synthase and Hydroxymethylglutaroyl coenzyme A 
(HMG-CoA)reductase genes, SREBP-1s are transcriptional factors that function 
predominantly in the regulation of TAG synthesis (Horton JD., et al, 2002) 
SREBP-1a and -1c are products of a single gene that differ in their first exon (Brown, 
M.S., et al, 1997). SREBP-1–responsive genes include those encodingr ATP citrate lyase 
(which produces acetyl-CoA) and ACC and FAS (which together produce palmitate 
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[C16:0]). Other SREBP-1 target genes encode a rate-limiting enzyme of the fatty acid 
elongase complex, which converts palmitate to stearate (C18:0) (Moon, Y.A., et al 2001); 
stearoyl-CoA desaturase, which converts stearate to oleate (C18:1); and glycerol-3-
phosphate acyltransferase, the first committed enzyme in TAG and phospholipid 
synthesis (Edwards, P.A., et al, 2000). Finally, SREBP-1 activates three genes required to 
generate NADPH, which is consumed at multiple stages in these lipid biosynthetic 
pathways (Shimomura, I., et al, 1998)  
It is widely reported that glucose, insulin and glucagon are the main factors for 
regulation of SREBP-1 especially at the transcriptional level. Insulin and glucose 
stimulate SREBP-1 promoter activity and mRNA expression (Hasty, A.H. et al.2000). In 
contrast, SREBP-1 is the negative target of glucagon, which works via initiating 
generation of cAMP. Studies showed that incubating primary hepatocytes with glucagon 
or dibutyryl cAMP decreases the mRNAs of SREBP-1c and its associated lipogenic 
target genes (Foretz, M., et al. 1999; Shimomura, I., et al. 2000). Another study showed 
that treatment with cAMP suppresses the increase in mature SREBP-1 abundance caused 

























As discussed earlier, TAG is not only an energy store, but most importantly, it is a 
tolerable form of otherwise active or toxic molecules such as fatty acids, DAG and 
phospholipids.  The worth of TAG is that it is a terminal storage form of  these molecules 
while on the other hand it is also a starting material or precursor molecule. Therefore, any 
change of TAG, whether in terms of synthesis or breakdown or localization or 
distribution, will profoundly influence almost every molecule in the whole metabolic 
network.  From this perspective, although TAG is both physically and chemically inert, it 
does indirectly participate in many physiological processes and has far-reaching 
implication in biochemical events such as the formation of membranes, membrane 























Fig 1.5. Genes regulated by SREBP-1. The diagram shows the major metabolic 
intermediates in the pathways for synthesis of fatty acids and TAG. In vivo, SREBP-
1c preferentially activates genes of fatty acid and TAG metabolism. ACS, Acetyl CoA 
synthetase; DHCR, 7-dehydrocholesterol reductase; FPP, farnesyl diphosphate; GPP, 
geranylgeranyl pyrophosphate synthase; CYP51, lanosterol 14α-demethylase; G6PD, 
glucose-6-phosphate dehydrogenase; PGDH, 6-phosphogluconate dehydrogenase; 
GPAT, glycerol-3-phosphate acyltransferase. 
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is not surprising if TAG pool (quantity, distribution and location) is under tight 
nutritional and hormonal regulation. Any error in the metabolism of this molecule will 
induce imbalance and finally pathological states. 
1.4. TAG and diseases 
As mentioned earlier, TAG is relatively innocuous. However, the name of TAG is 
connected to some of the most notorious diseases in the world: diabetes, atherosclerosis, 
obesity and neutral lipid storage disease. In the following part, the implication of TAG in 
several pathological conditions is demonstrated.  
1.4.1 Congenital generalized lipoatrophy (CGL) 
CGL refers to the loss of adipose tissue due to heterogenous genetic causes.  This 
condition is also known as Seip-Berardinelli syndrome (Seip, 1996). Due to the lack of 
adipose tissue, the surplus fatty acids have to be stored in nonadipose tissues, where they 
are utilized to form TAG or enter lipotoxic pathways (Unger, R.H., 2002) Therefore, 
patients with CGL lack the ability to handle caloric excess (Unger, R.H., 2002). The 
affected patients usually develop severe hypertriglyceridemia accompanied by frequent 
bouts of pancreatitis. Insulin resistance, acanthosis nigricans, and diabetes mellitus take 
place at the early age (Copeland, K.C., et al, 1993). It has been found the plasma leptin 
levels are usually below detection limits (Jaquet, D., et al, 1999). In addition, patients 
with CGL have a high basal metabolic rate (Copeland, K.C., et al, 1993) and an increased 
appetite, promoting the mismatch between caloric intake and caloric requirements and 
thus exacerbating the syndrome (Unger, R.H., 2002). 
So far, the candidate gene responsible for this syndrome is yet to be identified. 
According to several studies, genes encoding PPAR-γ, β3-adrenergic receptor, leptin, 
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leptin receptor, and lipoprotein lipase are not likely to be involved in CGL (Silver, K., et 
al, 1997; Vigouroux, C, et al, 1997; Vigouroux, C., et al, 1998). Through a semi-
automated genome-wide screening of a set of highly polymorphic short tandem repeats 
(STR), a locus for CGL has been identified to chromosome 9q34. It seems that multiple 
causative genes are involved in the disease (Garg, A., et al, 1999).  
1. 4. 2 Diet induced obesity  
Obesity, generally defined as a body mass index (BMI) of ≥ 30kg/m2, has reached 
epidemic proportions in developed countries such as United States (Mokdad et al, 1999), 
mainly as a result of food affluence in the modern lifestyle. 
Obesity appears when energy intake is far more than energy expenditure. The extra 
energy has to be transformed into TAG and mainly stored in adipose tissue. Thus, an 
excess in body fat is the characteristic of obesity (Webber.J., 2003) A key element in 
obesity is the hormone leptin.  Leptin not only control transportation and oxidation of 
plasma fatty acids, the synthesis of fatty acids in tissues but also decrease food intake 
through its action on nerve cells in the brain (Friedman, J and Halaas, J., 1998) and 
regulation of key neuropeptides that are critical in thermogenesis (Jequier E, 2002). 
In the early stage of diet-induced obesity, plasma leptin levels rise accordingly, 
permiting the storage of large quantities of fat in adipose tissues without pathogenically 
significant ectopic fat deposition in nonadipose tissues. In the late stage, however, 
antisteatotic action of leptin appears to be effectively opposed (Unger RH, 2002). The 
cause of leptin-resistance is not clear. Study has shown that normal non-obese aging 
rodents develops severe leptin resistance, suggesting leptin-resistance could be age-
related (Wang Z. W., et al, 2001) The same may occur in humans; whereas young 
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humans exhibit a strong correlation between body fat and plasma leptin, in middle-aged 
and elderly humans, the ages in which the complications of obesity are most likely to 
develop, the correlation is lost (Unger RH, 2002). 
Therefore, TAG overload in nonadipose tissues in obesity is a risk factor in favor of 
a number of diseases. 
1.4.3 TAG and heart disease 
Atherosclerosis, along with the resultant coronary heart disease (CHD), is a leading 
cause of mortality in industrialized countries. It has been long recognized that low-density 
lipoprotein (LDL) plays the role in the pathogenesis of CHD, Recently, the phenomenon 
that high levels of TAG are always associated with increased risk for CHD implicates 
that elevated TAG would be an independent risk factor for CHD (Austin, M.A., 1991). 
However, although numerous observation studies have been carried out, unequivocal 
association between TAG and CHD has not been described. Nonetheless, given the fact 
that the systemic metabolism of VLDL (the major plasma carrier of TAG), LDL and 
HDL are closely linked, it is worth to further look into the roles of TAG in CHD.  
1.4.4. TAG and type 2 diabetes 
Type 2 diabetes is a chronic, life-long disease that results when the body's insulin 
does not work effectively. It is the most prevalent metabolic disorder in the world, 
afflicting more than 120 million people and projected to affect more than 220 million 
people are projected to have the disease by the year 2010 (Shaw, J. E., et al, 2000). It is 
thought that both resistance of target tissues to the action of insulin and decreased insulin 
secretion (β-cell failure) are the major factors in the pathogenesis of the disease. However, 
to date, the primary genetic, environmental, and metabolic factors responsible for insulin 
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resistance and pancreatic β-cell failure and the precise sequence of events leading to the 
development of type 2 diabetes are not yet fully understood (Lewis, G.F., et al, 2002)  
The association of obesity with type 2 diabetes implicates the possible link between 
obesity (overload of TAG) and insulin resistance. Studies have found that 
hypertriglyceridemia, characterized by elevated TAG in blood, is a clinical syndrome in 
type 2 diabetes (Fisher WR, 1991). Moreover, more evidence is accumulated to show that 
increased TAG storage in adipose tissue during excessive calorie intake leads to elevated 
lipolysis, generating net spillover of fatty acids to nonadipose tissue (Lewis, GF. et al, 
2002).   This upsurge in fatty acid level, which in turn increases non-adipocytic TAG 
storage (Watt, M. J., et al, 2004) is likely to play an important role in the progression of 
type 2 diabetes. It is suggested that excessive intracellular free fatty acid (FFA) impairs 
glucose metabolism and decreases insulin sensitivity in muscle and liver (Shulman, G.I 
2000). FFA is also shown to decrease whole body insulin clearance (Hennes, M.M, et al, 
1997) aggravating peripheral tissue hyperinsulinemia (Mittelman, S.D., et al, 2000). In 
addition, excess FFAs has been found to cause dysfunction of pancreatic ß-cell 
(Carpentier A, et al, 1999), which may be due to its ability to promote production of ROS 
(Bergamini, C.M., et al, 2004). Thus, according to these studies, the progression of type 2 
diabetes may occur in the following sequence: state of chronic net positive energy 
balance, development of insulin resistance in adipose tissue, and the compromise of "fat-
buffering" capability of adipose tissue by TAG synthesis. This leads to re-channelling of 
energy substrates to nonadipose tissues, which in turn results in a complex array of 
metabolic abnormalities characteristic of insulin-resistant states and type 2 diabetes. 
(Lewis, et al, 2002). However, the precise biochemical mechanisms whereby fatty acids 
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and cytosolic TAG exert their effects remain poorly understood. It remains an open 
question how abnormal TAG metabolism will contributes to progression from insulin 
resistance syndrome to type 2 diabetes. 
 
As describe above, TAG overload is not only a phenomenal consequence secondary 
to multiple pathophysiological events, but it self may play a primary causal role. It’s not 
surprising to see nowadays scientists have developed various methods to decrease TAG. 
Diet, drug and exercise are recommended to reduce weight.  So, how TAG is as a cause 
of diseases? A newly emerging hypothesis is referred to as lipotoxicity. 
1.5 Relationship between TAG and lipotoxicity 
Lipotoxicity, a recent concept postulated by Unger, R.H., means a series of disorders 
to excessive fatty acids generated as a result of TAG overload in nonadipose tissues. 
Although TAG itself is passive and relatively innocuous, it is an intracellular source to 
generate other biologically active and even toxic molecules. Surplus TAG in nonadipose 
tissues produces an intracellular source of fatty acids in excess of the oxidative needs of 
the cell, which may finally enter the nonoxidative metabolic pathways and is believed to 
be responsible for lipotoxicity and ultimately, fatty acid-induced apoptosis (lipoapoptosis) 
(Shimabukuro M, et al, 1998). Thus, the lipotoxicity is triggered by hydrolysis of 
excessive TAG and probably plays a central role in type 2 diabetes and heart disease (Fig 
1.6). It is suggested that lipotoxicity leads to dysfunction of nonadipose tissues such as 
the pancreatic β-cells, myocardium, and skeletal muscle (Unger, R.H., 2002).  
The Zucker Diabetic Fatty (ZDF) rats, which bear nonfunctional leptin receptors, are 
good models to test the hypothesis (Unger RH, 2002). Studies demonstrate that when 
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rodents loses leptin action, not only the adipose tissue mass will increase, but also a TAG 
deposition will boost in nonadipose tissues which would result in a extensive 
development of steatosis in liver, heart, pancreatic islets, kidneys, skeletal muscle, and 
perhaps other nonadipose tissues (Halaas JL, et al, 1995; Pelleymounter MA, et al, 1995; 
Campfield LA, et al, 1995; Unger RH, Orci L. 2001).  
Studies carried out in ZDF rats have found that in the leptin-unresponsive obese 
ZDF rat, nonadipose tissues accumulated large amount of TAG. In pancreatic islets of 
fa/fa ZDF rats, associated with the progressive accumulation of the TAG in β cells, the 
islets expreience both functional and morphological changes, which finally resulted in the 
decreased β-cell function, reduced β-cell mass and occurence of diabetes as the TAG 
content reaches its peak.  (Unger RH, 1998). Further studies demonstrate that 85% of 
mitochondria of β-cells of untreated leptinless ZDF rats are severely altered and are 
difficult to recognize morphologically (Higa M, et al, 1999). In addition, these β-cells 
undergo apoptosis (Shimabukuro M, et al, 1998).  
Similarily, TAG content is found much higher in the myocardium of ZDF rats than 
that in wild-type rats.  As shown in the study, at the age of 14 weeks, the TAG content 
could rise to 3 times fold as the control’s content. After 20 weeks, with the increased 
TAG level, fractional area shortening, an index of contractile function, was significantly 
reduced in the ZDF rats. As what happened in β cells of islets, the occurrence of 
myocardial apoptosis in ZDF rats increased through 5% at 7 weeks to 15% at 14 weeks, 
compared with a much lower rate of only 0.8 ± 0.2% and 0.9 ± 0.2% at 7 and 14 weeks of 
age, respectively in wild-type  (Zhou, YT., et al 2000). These results suggested a causal 
link between the TAG overload and the cardiac dysfunction.  
 51
Based on the data collected from experiments carried out in ZDF rats, Unger R.H. 
and his colleagues ascribe lipotapoptosis to the excessive ceramide formation upon TAG 
overload in nonadipose tissues. It is suggested that TAG overload produces high 
intracellular levels of free fatty acid (FFA), which promotes de novo ceramide 
biosynthesis from the condensation of L-serine and palmitoyl-CoA catalyzed by serine-
palmitoyl transferase. Ceramide in turn unregulates the expression of inducible nitric 
oxide synthase (iNOS) by activating NFκB. The NO thus produced eventually initiates 
apoptosis (Unger, R.H. and Orci, L., 2002). However, another group of researchers, 
based on the studies in Chinese Hamster Ovary (CHO) cells, postulated that the 
generation of reactive oxygen species (ROS) plays an integral role in palmitate-induced 
apoptosis while ceramide may serve to amplify the apoptotic response in CHO cells 
(Listenberger, L.L., et al, 2001). Despite the discrepancy, which may be due to different 
metabolic background, both hypothesizes indicate that elevated intracellular FFA level, 
resulted from hydrolysis of excessive TAG, is the critical upstream trigger of 
lipoapoptosis.   
 However, both two hypothesizes do not exclude other pathways or factors. For 
example, DAG, the other direct product of TAG hydrolysis, is a precursor of 
phospholipids generation and an active messenger which is reported to involve in 
different signaling pathways. DAG is also documented to be involved in apoptosis via the 
actions of some PKC isoforms and Mun 13. Does TAG over-load initiate abnormal, 
albeit transient level of DAG? What are the roles of the extra DAG upon TAG 
breakdown? Is there any change of DAG subtypes under abnormal TAG accumulation? 
In addition, besides the ceramide pathway, fatty acid may be also channeled into other 
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metabolic processes such as β-oxidation or peroxidation. What is the crosstalk between 
the different pathways? How does cell make a selection? How does excessive fatty acid 
leads to generation of ROS, which is also a prominent trigger of apoptosis? Does 
lipotoxicity induces cell death other than apoptosis? (Fig 1.7) All of these questions need 
to be elucidated. And the core of these questions is whether the physiological implication 
of TAG plays a central role to the cellular and systemic lipid homeostasis. We believe the 
answer will definitely help to elucidate all the details of lipotoxicity pathway and 
illuminate the most prevalent human disease syndromes of the world and shed a light on 
the treatment of the diseases. 
As many other complex biological problems, which is often solved from study in 
simpler organism, TAG biosynthesis was studied in unicellular organism, the budding 
yeast Saccharomyces cerevisae. During the last few years, many enzymes involved in 
TAG synthesis in the yeast S. cerevisiae have been identified and characterized at the 
molecular level. 
1.6 TAG biosynthesis in yeast S. cerevisiae: acylation of DAG 
The isolation of yeast DGAT was based on progress made in mammalian cells, in 
which two families of DGAT genes have been characterized recently, as described earlier 
in this chapter (Buhman, K.K., et al, 2001). The mammalian DGAT1 is homologous to 
mammalian and yeast ACAT homologs. Together, these genes constitute the DGAT1 
gene family. Yeast ARE1 and ARE2 (ACAT related enzyme) belong to this gene family. 
However, deletion of ARE1 and ARE2 obliterated sterol esterification activity but had 
little effect on TAG synthesis (Yang, H., et al, 1996). Other acyltransferases must 
therefore exist to catalyze acyl CoA dependent DAG acylation in yeast. Recently, a 
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second DGAT (DGAT2) from various species have been identified by sequence 
homology to two DGATs (MrDGAT) purified from the lipid bodies of the fungus 
Mortierella rammaniana (Cases, S., et al, 2001, Lardizabal, et al, 2001). DGAT2 is 
unrelated to DGAT1 and there is a budding yeast homolog to DGAT2 encoded by ORF 
YOR245c (DGA1). Heterologous expression of DGA1 in insect cells led to a significant 
increase of DGAT activity and metabolic labeling experiments detected significant 
reduction in TAG synthesis in a DGA1 deletion strain (Oelkers, P., et al, 2002; Sandager, 
L., et al, 2002; Sorger, D., et al, 2002). Dga1p prefers oleoyl CoA and palmitoyl-CoA as 
acyl donors. Localization studies revealed that the majority of Dga1p localize to lipid 
particles. The lipid particle specific DGAT activity in the dga1Δ strain was reduced to 
5% of that of the wild type. However, the DAG esterification activity from microsomal 
fraction was only slightly reduced in the dga1Δ strain as compared with wild type (Sorger, 
D., et al, 2002). These data confirm that Dga1p is a DGAT in the budding yeast but also 
suggest the existence of additional DAG esterification enzymes. 
Human lecithin cholesterol acyltransferase (LCAT) catalyzes acyl CoA independent 
esterification of cholesterol whereby an acyl group is transferred from PC to cholesterol. 
By sequence homology, the gene product of YNR008w was identified as a yeast LCAT 
homolog and the gene was named LRO1 for LCAT related ORF (Dahlqvist, A., et al, 
2000; Oelkers, P., et al, 2000). Lro1p and human LCAT share 27% sequence identity 
with conserved serine lipase motif and catalytic triad. However, Lro1p is unlikely to be a 
functional LCAT homolog since sterol esterification activity is completely lost when 
ARE1 and ARE2 are disrupted. Surprisingly, deletion of LRO1 resulted in a significant 
reduction in TAG synthesis and overexpression of LRO1 in yeast resulted in dramatic 
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increase in TAG synthesis. In vitro DAG esterification assay showed that Lro1p 
specifically transfers acyl groups from the sn-2 position of phospholipids to DAG, giving 
rise to TAG and sn-1-lyso-PC. Besides PC, Lro1p can also use other phospholipids as 
substrates, with the strongest preference for PE. Therefore, Lro1p is a bona fide 
phospholipid diacylglycerol acyl transferase (PDAT) in the budding yeast. Lastly, the 
PDAT activity was detected exclusively in the ER but not in lipid particles (Sorger, D., 
and Daum, G. 2003).  
In his study, Oelkers reported that, a 97% reduction in TAG synthesis in a dga1Δ 
lro1Δ double mutant, suggesting that Dga1p and Lro1p are the major contributors to 
TAG acylation in yeast (Oelkers, P., et al, 20002).  
The contribution of these two enzymes to TAG formation in yeast is a controversial 
issue. Sorger and Daum (2002) suggested that Dga1p is dispensable for the yeast and is 
responsible for the formation of only 30% of cellular TAG. Sandager and his colleagues 
(2002), on the other hand, proposed Dga1p to be responsible for 87% of TAG formation 
in yeast. These discrepancies might be resulted from different wild type backgrounds. 
However, the study of Oelkers et al implied that the relative Dga1p and Lro1p 
contrabutions to cellular TAG biosynthesis is growth-phase dependent. In his study, 
Oelkers (2002) demonstrated that TAG amount in cells of the LRO1 mutant decreased 
75% in the logarithmic phase, whereas cells of DGA1 single mutant grown after diauxic 
shift exhibited a 50% reduction in TAG formation. Thus, Lro1p appears to play a major 
role in TAG synthesis during logarithmic phase whereas Dga1p is more active after 
diauxic shift (Oelkers, P., et al, 2002; Sandager, L., et al, 2002). In contrast, it was 
consistently demonstrated by various groups that ~5% DAG esterification activity is still 
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present when both LRO1 and DGA1 were disrupted. Since the ARE1 and ARE2 genes 
belong to the DGAT1 gene family, it was speculated that these gene products may 
account for the residual DAG esterification activity in the dga1Δlro1Δ double deletion 
strain. When all four genes, i.e. DGA1, LRO1, ARE1 and ARE2, are deleted 
simultaneously, synthesis of both sterol esters and TAG is completely blocked. However, 
it is still a matter of debate whether Are1p or Are2p contributes to the residual DAG 
esterification activity (Oelkers, P.,et al, 2002; Sandager, L.,et al, 2002; Sorger, D., et al, 
2002).  
In this study, we investigate the mechanism and role of TAG biosynthesis in fission 
yeast Schizosaccharomyces pombe (S. pombe). Just as S.cerevisae, the simple cell 
biology and genetics of S. pombe facilitated many important findings that can be 
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Fig 1.6. Lipotoxicity and diseases. Positive net energy balance, resulting from 
increased calorie intake and reduced energy expenditure, leads to an accumulation of 
TAG tissues, particularly in adipose tissue. The accumulation of TAG adipose tissue 
leads to increased lipolysis by a mass effect. This, associated with the development of 
adipocyte insulin resistance, results in net spillover of fatty acids to nonadipose tissue, 
which further increases extra adipocytic triglyceride storage, leading to dysfunction of 











































Fig 1.7. The possible pathways for lipoapoptosis induced by excessive TAG. Overload 
of TAG would damage lipid homeostasis in non-adipose tissues. Hydrolysis of TAG
generates too many unwanted, active and even toxic molecules. Among them, elevated 
level of fatty acid would result in excess ceramide. TAG and fatty acids are source of 
peroxidation, which may induce ROS accumulation. In addition, extra DAG would break 
intracellular balance through its role in signaling pathways. All of these would contribute 
to lipotoxicity and finally lipoapoptosis.  
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1.7 S. pombe as a good model and tool for lipid metabolism research 
In recent years, more and more scientists select fission yeast S. pombe as a 
eukaryotic model for the investigation of basic, yet complex, cellular processes, including 
the cell cycle, protein targeting and secretion, transcription, and metabolism. There are 
strong reasons for this selection. First, just like the budding yeast S. cerevisae, S. pombe 
encompasses an array of characteristics desirable for a model system, including a well-
described biochemistry and ease of genetic experimentation (Henry, S.A. and Patton-
Vogt , J.L., 1998). Second, the completion of the genome project of S. pombe provides 
the complete sequence of this eukaryote. (Wood, V., et al, 2002) Third, fission yeast S. 
pombe and budding yeast S. cerevisae are distinctly different.  
According to gene comparisons and phylogenetic analyses, it has been suggested 
that fission yeast diverged from budding yeast around 330-420 million years ago, and 
from metazoa and plants around 1000-1200 million years ago, although a more recent 
estimate has put these times at 1144 and 1600 million years, respectively (Wood, V.et al, 
2002). 
In the aspect of genome organization, essential sequence components of S.cerevisae 
DNA-replication origins and centromeres are small, relatively rigid consensus 
(Hegemann, J.H. and Fleig, U.N., 1993). On the other hand, the fission yeast has large, 
diffused origins and centromeres that lack defined consensus sequences (Clarke, L., 
1998), which is similar to the situation in metazoan cells, in which replication origins and 
centromeres are also large and diffuse.  
In term of cell division, S. pombe is fission yeast while S.cerevisae is budding yeast. 
S. pombe grows as a cylinder round 3-4 µm in diameter and 7-15 µm in length while 
 59
S.cerevisae grows as spherical round shape. In normal conditions, S. pombe are always 
haploid while S.cerevisae are diploid. As a result, S.cerevisae has a long G1 phase and 
the major decision point for cell cycle entry occurs at the G1-S phase transition. By 
contrast, S. pombe spend most of its time in G2 phase and controls the cell cycle by 
regulating the G2-M phase transition (Forsburg, S.L., 1999). The difference between 
chromosomes structure naturally suggests that different proteins can mediate their 
function. Both yeast have the same total DNA content, but S.cerervisae distributes its 
genome into 16 chromosomes, while fission yeast has just three chromosomes. With so 
many important differences, both yeasts provide us with comparable genetic tools 
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Based on the above reasons, in our experiments, we selected S. pombe as the model 
to investigate TAG biosyntheses. Although studies have shown that the deletion of two 
genes (LRO1 and DGA1) in S. cerevisia produces viable cell lacking the ability to esterify 
DAG , this final step of TAG biosynthesis in S. pombe remains to be elucidated. Actually, 
with so many distinct difference, the same procedure in both yeasts may be carried out 
through different mechanisms and have different roles and influence on many 
physiological cases such as growth, cell cycle, mating, aging and so on. In addition, 
molecular genetics in S. pombe is also straightforward and powerful. S. pombe is easily 
cultivated in a chemically defined medium. Thus, the investigator can precisely control 
the experimental conditions, both physically and biochemically. Generation, isolation, 
and analysis of mutant strains can be performed with comparable ease because yeast can 
be grown in either the haploid or diploid form. Identification of genes is facilitated by a 
large collection of plasmids and genomic libraries for use in S. pombe. In addition, yeast 
is especially adept at gene conversion or recombination. So replacement of the genomic 
copy of a gene with a null allele or an allele carrying a specific mutation is relatively 
straightforward.  
Another reason for the selection of S. pombe as a model for studying lipid 
metabolism is that many genes encoding enzyme of fatty acid oxidation and biosynthesis 
were characterized using classical genetic approaches. Thus the research of some specific 
genes involved in lipid metabolism in this system would be very convenient. 
It is suggested that if a biological process is carried out in the same way in both 
yeasts, similar patterns are also likely to be found in other eukaryotes (Forsburg, S.L., 
1999).  If there are differences, as often the case is, we are directed to ask how and why 
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they occur. The detailed differences between the yeasts offer an important insight into 
higher eukaryotes. Neither yeast offers us the complete answer. The complexities of 
biology ensure multiplicity of pathways and alternative mechanisms. Rather, lessons 
learnt from both yeasts are equally important and not dispensible in order to answer many 
biological questions. Thus, through our study, we can combine the function and the 
nature of the enzymes for DAG esterification in both yeasts. As a result, we can 
understand more about TAG’s role in evolution and may be helpful to obtain more 
information of TAG in human. 
1.8 Our specific aim. 
We aim to study the mechanisms involved in TAG biosynthesis and its 
physiological roles in fission yeast S. pombe. Our study will focus on the final step of 
biosynthesis of TAG: the transfer of an acyl group to DAG.  
As motioned earlier, in the budding yeast Saccharomyces cerevisiae, three genes, i.e. 
DGA1, LRO1 and ARE2, have been found to encode proteins capable of synthesizing 
TAG.  Dga1p is highly similar to mammalian DGAT2 while Lro1p encodes a protein 
with significant sequence similarity to mammalian LCAT (lethithin cholesterol 
acyltransferase). Dga1p and Lro1p are responsible for most of utilize acyl CoA to esterify 
DAG while Lro1p transfers an acyl group from a phospholipid molecule to the sn-3 
position of DAG. Lro1p has a conserved serine hydrolase motif, suggesting that Lro1p, 
like mammalian LCAT, belongs to the α/β hydrolase fold family (Stahl, U., et al., 2004).. 
Dga1p and Lro1p mediate the bulk of TAG synthesis, however, in their absence, 2% of 
normal TAG synthesis was still present. It was later determined that Are2p, an acyl CoA 
sterol acyltransferase, is responsible for the residual activity. When three genes are 
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deleted simultaneously, TAG synthesis is completely blocked (Oelkers, P., et al, 2002). 
Surprisingly however, no obvious growth defects were detected in the budding yeast cells 
completely free of TAG. Moreover, cells appeared normal even without any neutral lipids, 
i.e. TAG and sterol esters.  
The fission yeast S. pomb), similar to the budding yeast, is genetically tractable with 
a rich repertoire of molecular tools and a completely sequenced genome (Forsburg S. 
1999; Wood et.al., 2002). However, it is highly divergent from S. cerevisiae and these 
two yeasts often have differences in carrying out the same physiological function. Thus, 
comparative studies in both yeasts are necessary and often rewarding. 
Our work includes the following parts:  
1. To identify genes responsible for the esterification of DAG in S. pombe.  
2. To delete the identified genes in S. pombe and to create the strain deficient in TAG 
biosynthesis.  
3. To characterize the cellular localization and biochemical features of the identified 
enzymes.  
4. To analyze the growth properties of S. pombe cells without detectable TAG under 










Chapter II Materials and Methods 
2.1.Yeast strains, media and materials 
Schizosaccharomyces pombe MBY257 (h-, his3-D1, ade6-M210, leu1-32, ura4-
D18), MBY266 (h+, his3-D1, ade6-M210, leu1-32, ura4-D18) and MBY1101 (h90, his3-
D1, ade6-M210, leu1-32, ura4-D18) were used in this study (Li, T., et al, 2000).  Yeast 
cells were grown either on YES or synthetic Edinburgh minimal medium (EMM) (Q-
Biogene, Carlsbad, CA, USA). YES consists of 0.5%(w/v) yeast extract, 3% (w/v) 
glucose, and supplements (Leucine, histidine, adenine and uracil) at 225mg/l, unless 
otherwise stated. EMM was prepared according to the manufacturer’s instruction. All 
solid media were supplement with 2%(w/v) agar. Transformation of yeast was performed 
with electroporation and followed by amino-acid prototrophic selection (Prentice, H. L., 
1992).  Yeast extract, Yeast nitrogen base, Bacto-peptone and Bacto-agar were from 
Difco Laboratories; D-dextrose, D-galactose and D-raffinose were from Sigma.  3,3,5,5-
Tetramethyl-1-1-pyrroline-n-oxide (TMPO), 1,2-dioctanoyl-sn-glycerol, oleic acid, 
palmitic acid, 4’6’-diamidino-2-phenylindole (DAPI), and Nile Red were from Sigma. N-
Acetylsphingosine (C2-ceramide) and dihydrosphingosine (DHS) were from US 
Biological. [1-14C] oleoyl-CoA, 1-stearoyl-2-[14C]arachidonyl-sn-glycerol, 1-palmitoyl-
2-[1-14C] oleoylphosphatidylethanolamines (PEs), and [9,10(n)- 3H] oleic acid were from 
Amersham Biosciences. An in situ cell death detection kit and annexin-V-fluos were 
from Roche Applied Science. Anti-GFP polyclonal antibodies were purchased from Cell 




2.2 Enzyme identification and characterization 
2.2.1 Disruption of plh1+, dga1+ and pca1+ 
All disruptions in MBY257, MBY266 and MBY1101 strains were obtained using 
the long flanking homology (LFH) method. The reason we chose this method is that it 
provides high transformation efficiency associated with high targeting specificity. (Wach, 
A., 1996). The mechanism of LFH is shown as following. 



























Gene replacement cassette 
Transformation into yeast cells 
Cross over
Fig 2.1 Gene disruption using long flanking homology (LFH) method 
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For plh1+ gene disruption, the entire coding region of plh1+  was replaced by the S. 
pombe his3+ gene. Two pairs of primers were designed. PLH1-55 
(GGGGTACCACACCCTATTTGCAACA) and PLH1-53 (CCGCTCGAGGAATT 
GCTTGAGCAGCAAC) were derived from genome sequence 548 bps and 20 bps 
upstream of PLH1 transcription start codon while PLH1-35 (CGGGATCCCGACA 
AACGAATATGATAAA) and PLH1-33 (GCTCTAGAGGCTCCATAG AAGGTGAAG) 
were from 625 bps and 7 bps downstream of the stop codon respectively. The primers 
carry enzyme restriction sites. After PCR with pfu DNA polymerase, the upstream 
fragment was enzymatically ligated to the 5’ terminal of his3 harboring on the vector 
pBluescript II SK while the downstream fragment was ligated to the 3’ terminal. 
Restriction enzymes were used to cleave the vectors and get the fusion DNA— his3+ 
marker with long flanking homolog regions, the gene replacement cassette. 
For dga1+ gene disruption, the entire coding region was replaced by 1.8 kb S. pombe 
ura4+ gene. Two pairs of primers were designed. DGA1-55 (GGGGTACCGAAT 
CCATGGGTAGTGAT) and DG11-53 (CCGCTCGAGCCCGTTCTATATAATCGT) 
were 590bps and 17 bps upstream of dga1 start cordon. DGA1-35 (CGGGATCCCTTAT 
TGGCCTATGCAATA) and DGA1-33 (GCTCTAGACTGAATGAATATTAGTAACG 
C) were from 41 bps and 575 bps downstream of dga1 stop codon respectively. The 
ura4+ gene replacement cassette was produced with the same method as the above.  
For pca1+ gene disruption, the entire coding region was replaced by the kanR marker. 
Two pairs of primers: pca15 (ATAAGAATGCGGCCGCGGAAGAACTTTGACACG 
TT) and pca13 (GCTCTAGAGGAAGTTGGATAGTGCTT), and pca25 (CCATCGATG 
T AG TTCCATCAGATATT) and pca23 (CCGCTCGAGGGTAGGTAGTATAGTT 
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AGA), were used to amplify DNA fragments flanking the coding region of pca1+. The 
PCR products were cloned into pFA6akanMX4, flanking kanR (Wach, A., et al, 1994).                              
2.2.1.3 Expression Plasmids Construction 
The entire open reading frame of plh1+ was generated by reverse transcription-PCR 
using primers PLH5 (ACGCGTCGACCATGGCGTCTTCCCAAGAAGA) and PLH3 
(TCCCCCGGGTTAATTTCTAGGTTTATCGAG), whereas the entire coding region of 
dga1+ was amplified by PCR using the primers DGA1–5 (GGGAATTCCATATGTCAG 
AAGAAACATAA) and DGA1–3 (TCCCCCGGGTTAGGCTGACAACTTCAAT). The 
products were digested by SmaI and SalI and cloned into pREP41 or pREP42GFP, 
downstream of an nmt1 promoter (Craven, R. A., et al, 1998; Basi, G., et al, 1993). The 
open reading frame of DAG kinase was amplified from Escherichia coli genomic DNA 
by PCR using the primers DGK5 (GGAATTCCATATGGCCAATAATACCACTG) and 
DGK3 (TCCCCCGGGTTATCCAAAATGCGACCAT) (Lightner, V. A., et al, 1983). 
The fragment was subcloned into the SmaI and NdeI sites of pREP41. 
Transformation of yeast: 1-5 micrograms of gene replacement cassettes were used to 
transform into wide type haploid MBY266, MBY257 and MBY1101by electroporation 
(Holly LP 1991). Transformed cells were suspended in 200 µl 1.2M sorbitol and selected 
on EMM plates lacking appropriate supplements (auxotrophic markers) or YES with 
200mg/L G418. Clones bearing the individual or double gene deletion were identified by 
diagnostic PCR with the following primers: 5’ primer in the coding region of the 
prototrophic marker ura4+ and his3+ were (GAGAAAGAATGCTGAGTAG) and 
(GAGTCTTTAATTCATTAC) respectively. 3’ primer in the coding region outside the 5’ 
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flanking fragment of dga1+ and plh1+ were (CGATAGTAGTCAATACCAG) and 
(GTATATTAGTATTGCCTAAT) accordingly.  
2.2.2. In vivo DAG and sterol esterification assays.  
2.2.2.1. Labeling and Drying 
• Wild type and ∆plh1, ∆ dga1 or ∆plh1 ∆ dga1 cells (5ml in conical tube) were 
grown into log-phase (OD595= 0.5- 0.8) at 300C, then were labeled with [3H] 
oleate (1μCi/ml) for 30 mins. 
• Cells were added with one drop (approximately 50μl) of 0.2% azide and placed 
on ice. 
• Cells were washed with 0.5% tergitol (NP40) 5ml two times, deionized water 1 
time and transferred to eppendorf tubes 
• Samples were pelleted and supernatant was removed. 
• Microcentrifuge tubes were covered with aluminum paper. Holes were made in 
top with needle. Smples were lyophilize overnight. 
2.2.2.2 Cell lysis and neutral lipid extraction 
• Pellet in microcentrifuge tubes was weighed and transferred to 15ml conical tubes. 
• Pellets were added with 50μl lyticase solution (lyticase (sigma) 1700 units/ml in 
10% glycerol + 0.02% azide, store at -20 oC).  
• Samples were incubated at 37oC 15 mins, -70 oC 1hr and 37 oC 15 mins. 
• 200 μl isopropanol and 0.25μl [14C] cholesterol were added in the samples. 
• Samples were vortexed and then put in RT for 30 mins and vortexed again. 
• 5ml hexane was added into each sample. 
• Samples were vortexed at full speed for 2 mins. 
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• 5ml KCl : MeOH (2M KCl: MeOH 4:1) was added into each sample. 
• Samples were vortexed at full speed for 2 mins. 
• Samples were centrifuged at 3000g for 5 mins. 
• Top organic phase were transferred into glass tube. 
• Hexane was evaporated under nitrogen. Lipids were resuspended in 100 μl CHCl3: 
MeOH (2:1). 
• Samples were spotted on TLC plates. The plates were developed in hexane: 
diethyl ether: acetic acid (70:30:1) and stained with iodine vapor. Each lane was 
excised according to lipid standards. 
• The cut lanes were incubated with 5 ml of Betamax  and incorporation of [3H] 
oleate was measured through scintillation counter. 
Note: This protocol optimize for 2-5 mg (dry weight) pellets. The lyticase does not 
hydrolyze ester while zymolyase has lipid hydrolytic activity. 0.25μl [14C] cholesterol 
was added as an internal standard. (Oelkers, P., et al, 2000) 
2.2.3. In vitro DAG esterification and Sterol esterification assays 
2.2.3.1. Isolation of microsomes (Zinser E. 1995) 
• The yeast cells of wild type, ∆ plh1, ∆dga1 and ∆ plh1 dga1 were cultivated 
separately to the log growth phase overnight in 1L YES medium at 30oC.  
• Cells were collected through centrifugation. The pellets were washed 2 times with 
distilled H2O, suspended and incubated at 0.5g wet wt./ml in 0.1M Tris SO4 ( with 
10mm-DTT) at room temperature for 10min.  
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• Cells were pelleted down, washed once with 1.2M sorbitol, and resuspended at 
0.15g wet wt./ml in 1.2 M sorbitol (with 20mM K2PO4 and 0.5mg/ml lyticase), 
PH 7.2. Spheroplasts were formed during 90-min incubation at 30 oC.  
• Lyses were washed twice with 1.2 M sorbitol, resuspended in breakage buffer and 
disrupted with 20 strokes in a Dounce homogenizer using a tight fitting pestle at 
4oC.  
• Homogenates were centrifuged at 20,000g for 30 min. The pellets were discarded.  
• Supernatants were collected to continue to spin at 100,000g for 45 min. The final 
pellets containing microsomes were resuspended in 10mM-TrisCl PH 7.4. Protein 
concentrations were determined by Bradford assay using bovine serum alnumin as 
standards.  
2.2.3.2. Preparation of liposomes (Billheimer,J.T. et al. 1990) 
• Preparation of lipids for stock: PS and PE were dissolved in choloroform: 
methanol (2:1, v/v). PS and PE were kept in -200C. 
• Mixture of PS and PE according to the ratio required by experiments. For 
preparation 1.5mM  PS/PE liposomes (1:1 molar ratio) 1ml, PS 114µ l was mixed  
with PE 330µl in  glass tube. 
• Organic solvent was dried gently using nitrogen flow. In order to remove all 
organic solvent, the glass tube bearing PS and PE was kept in 40C in vacuum 
lyophilize-tion overnight.   
• 2ml 150mM Tris-HCl (PH 7.8) was added to the dried pellet of PS and PE 
mixture and incubated on ice for 1 hour. 
• Sonication. 
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• Solvents including liposomes were transferred to microcentrifuge tubes. 
• Samples were centrifuged at 1000 rpm for 5 mins. Upper 4/5 supernatants were 
kept as liposome stocks. 
Note: For different concentration of liposomes, the time used for sonication I different.  
For the preparation of 1.5mM PS/PE liposomes the time for sonication is 15 mins. The 
whole procedure was performed on ice and in nitrogen flow. Since sonication can 
produce heat, the sonication was paused in every 30 seconds. Liposomes were unstable, 
and therefore freshly prepared.   
2.2.3.3 Assay Protocol of in vitro DAG esterification assay 
2.2.3.3.1 Reaction system 



















liposomes 1.5mM 20µl 150µM
DAG 1mg/ml 20µl 0.1mg/ml
MgCl2 80mM 20µl 8mM
oleoyl-CoA 10mM 2µl 50 µM
1-[14C] oleoyl-CoA 50 µCi/ml 5µl 1.25 nCi/µl
BSA 150µM 20µl 15µM




[14C] DAG as substrate 
 
 
[14C] phosphatidyl-ethanolamine as substrate 
   Stock concentration  Final concentration
Microsomes   80μg  
liposomes 1.5mM 20µl 150µM 
 DAG 1mg/ml 20µl 0.1mg/ml 
MgCl2 80mM 20µl 8mM 
BSA 150µM 20µl 15µM 
Tris-HCl (PH 7.8)   150mM 
 Total volume 200µl  
 
   Stock concentration  Final concentration 
Microsomes   80μg  
liposomes 1.5mM 20µl 150µM 
[14C] DAG 25µCi/ml 5µl 0.625nCi/µl 
 DAG 1mg/ml 20µl 0.1mg/ml 
MgCl2 80mM 20µl 8mM 
 oleoyl-CoA 10mM 2µl 50 µM 
BSA 150µM 20µl 15µM 
Tris-HCl (PH 7.8)   150mM 
 Total volume 200µl  
Table 3 Reaction system for in vitro DAG esterification [14C] DAG as substrates 
Table 4 Reaction system for in vitro DAG esterification [14C] PE as substrates 
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2.2.3.3.2 Procedure 
• Samples without microsomes and DAG were preincubated at room temperature 
for 5 mins. 
• Microsomes were added into each sample. 
• DAG was added to the samples. 
• Samples were incubated at room temperature for 15 mins. 
• 6 ml of choloroform: methanol (2:1) were added into each samples to stop the 
reaction. 
• 0.25µl of 3H-Cholesterol was added into each sample as the internal standard. The 
Cholesterol was diluted in choloroform: methanol (2:1) before use. 
• 7µl of TAG (2mg/ml) was added into each sample. 
• Samples were incubated at  room temperature for 20 mins. 
• 1.2 ml distilled water was added into each samles. Samples were votexed for 20 
sec and centrifuged at 3000 rpm for 15 min. 
• Chloroform layer (at the bottom) was transfered to glass tube. 
• Chorloroform was evaporated under nitrogen flow. Lipids were resuspended in 
100 μl CHCl3: MeOH (2:1). 
• Samples were spotted on TLC plates. The plates were developed in hexane: 
diethyl ether: acetic acid (70:30:1) and stained with iodine vapor. Each lane was 
cut according to lipid standards. 
• The cut lanes were put into 5 ml of Betamax and the incorporation of [14C] 
oleoyl-CoA, [14C] DAG or [14C] PE was measured by scintillation counting. 
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Note: Enzyme activity was determined by the incorperation of [14C] oleoyl-CoA, 1-
Stearoyl-2-[1-14C] arachidonyl-sn-glycerol (DAG) or [14C] PE into triglyceride. Each 
standard assay was performed in duplicate in 150mM Tris-HCl PH 7.8 and final volume 
was 200 µl, containing 80 µg of microsomal proteins, 15 µM BSA, 150 µM DAG, 8 mM 
MgCl2,150 µM PS/PE liposomes (1:1 molar ratio), and 50 µM oleoyl-CoA. All the 
assays were handled at room temperature for 15min. For Plh1 activity assay, oleoyl-CoA 
was omitted while [14C] PE wAS added in liposomes.  In control assays, all the 
components were the same except that microsomes were omitted. Reactions were stopped 
by the addition of 6ml chloroform/methanol (2:1). Phase separation was induced by the 
addition of 1.2ml of water. 1µl of [3H] cholesterol and 15µg of triolein were added as an 
internal standard and carrier, respectively. The lipids were contained in choloroform 
phase. Choloroform was dried with nitrogen and  the lipids were resolved in 100 µl 
choloroform for spotting on thin layer plates.  The plates were developed in 
hexane:diethyl ether:acetic acid (70:30:1). (Oelkers et al., 2000) 
2.2.3.3.4 In vitro sterol esterification (Yang, R. H., et al, 1996) 
2.2.3.3.4.1 Reaction system 
   Stock concentration  Final concentration
Microsomes   80μg  
Cholesterol 0.4μg/μl 50μl  
BSA 150µM 20µl 15µM 
 oleoyl-CoA 10mM 2µl 50 µM 
1-[14C] oleoyl-CoA 50 µCi/ml 5µl 1.25 nCi/µl 
ACAT assay buffer:    0.1M K3PO4     1 
 74
mM glutathione 




• Reagents without oleoyl-CoA were mixed as shown in table 5. 
• Mixture was incubated at 370C for 10 min. 
• At 15-30 second intervals, add 7μl of the [14C] oleoyl-CoA mix into each tube. 
• After 10 min, again at 15-30 seconds intervals, 4 ml of choloroform: methanol 
(2:1) was added into each tube and vortexed for 5 seconds. 
• After all the reactions have been stopped, 15μl of cholsterol oleate (1mg/ml) was 
added into each sample. 
• Sample were vortexed for 15 seconds.  
• 800 μl of water was added into each sample and vortexed for 30 seconds. 
•  Phases were separated by centrifuging at full speed for 5 min. 
•  Chloroform layer (at the bottom) was transferred to glass tube. 
• Chloroform was evaporated under nitrogen. Lipids were resuspended in 100 μl of 
CHCl3: MeOH (2:1). 
• Samples were spotted onto TLC plates. The plates were developed in hexane: 
diethyl ether: acetic acid (70:30:1) and stained with iodine vapor. Each lane was 
cut according to lipid standards. 
• The cut lanes were put into 5 ml of Betamax and incorporation of [14C] oleoyl-
CoA, [14C] DAG or [14C] PE were measured by scintillation counting. 
Table 5 Reaction system for sterol in vitro esterification assay  
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2.2.4. Site Directed Mutagenesis by PCR Overlap Extension 
For each mutant, four primers are needed to introduce a site-specific mutation by 
PCR overlap extension. One pair of primers was used to amplify the DNA that contains 
the mutation site together with the upstream sequences. The forward primer (FM) 
contains the mutation to be introduced into the wild type template DNA, whereas the 
reverse primer R2 contains a wild type sequence. The second pair of primers is used to 
amplify the DNA that contains the mutation site together with the downstream sequences. 
The reverse primer (RM) of this pair contains the mutation to be introduced into the 
template DNA. At least 15 bases of primer RM should be exactly complementary to 
primer FM. The forward primer F2 contains a wild type sequence. Each R2 & F2 have a 
restriction site in their 5’ region to facilitate subcloning of the mutated segment of DNA 
(Urban A., et al, 1997) 
The two sets of primers are used in two separate amplification reactions to amplify 
over-lapping DNA fragments (reaction 1 and 2). The mutant of interest is located in the 
region of overlap and therefore in both sets of resulting amplified fragments. The 
overlapping fragments (resulting from the first and second rounds of amplifications) are 
mixed, denatured, and annealed to generate heteroduplexes that can be extended and, in a 
third PCR (reaction3), amplified into a full-length DNA using two primers that bind to 
the extremes of the two initial fragments. The method is highly effective, but it requires 
two mutagenic primers, two flanking oligonucleotides and three PCRs to construct a 






















Note:           as mutated sites 
 
In our experiment, for each mutation, we used the same R2: GCT GGC TTG AAC ATT 
TAA TGC and the same F2 except that mutation of serine-293 used a different F2 which 



































Fig 2.2 Site Directed mutagenesis by PCR overlap extension 
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each full-length mutant DNA has a BamHI site while at the 3’ terminal has SpeI or SmaI 
site. 
To mutagenize serine-293 to threonine, the FM primer used was 5’ 
GATTTCTCACACC ATGGGTTCAC, complementary to ACC (threonine) instead of 
TCC (serine) as in plh1+wild type cDNA sequence. The RM primer used was 
GTGAACCCATGGTGTGA GAAATC. The aspartic acid-526 to glutamine was 
obtained using the FM primer GAT GATGGTGAAGGAACT TAC, complemetary to 
GAA instead of GAT. The RM primer is GTAAAGTTCCTTCACCATCATC. For 
mutation of the histidine-561 to alanine, the FM primer used was 
GAAATCAAGGCCGAACCTGCTGCG, complementary to GCC instead of CAT, and 
the RM primer was CGCAGCAGGTTCGGCCTTGATTTC. To mutagenize Methionine-
192 to Cysteine, the FM primer used was CTTGACAAGCAA ATGTGGCTTGAACA, 
complementary to ATG instead of TGC. The RM primer was 
TGTTCAAGCCACATTTGCTTGTCAAG. After PCR with pfu DNA polymerase, each 
full-length mutant DNA was digested with BamHI and SmaI or SpeI, then treated with T4 
ligase and ligated into BamHI and SmalI or SpeI digested pREP41-plh1+ or pREP42-
plh1+.   The products were transformed into MBY266, MBY257 and Δ plh1 dga1. In vivo 



















Threonine-293 (Serine)                                 GAT TTC TCACACCATGGGTTCAC               GTGAACCCAT GGT GTGAG AAATC 
                             
Glutamic acid-526 (Aspartic acid)               GATGATGGT GAAGGAACT TAC                   GTA AAG TTC C TTC ACC ATCATC 
            
Alanine-561 (Histidine)                                 GAAATCAAGGCCGAACCTGCTGCG             CGCAGCAGGTTCGGCCTTGATTTC  
                           
Methionine-192 (Cysteine)                            CTTGACAAGCAAATGTGGCTTGAACA        TGTTCAAGCCACAT TTGCTTGTCAAG   
  
         
 
 
In our experiment, for each mutation, we used the same R2: GCT GGC TTG AAC ATT TAA TGC and the same F2 except that mutation of 
serine-293 used a different F2 which contains a spe1 site: CAG GAG CAT AAG GAA GAC. 
 
                  FM                                                                           RM 
Table 6. Primers designed for the site-directed mutagenesis of plh1+ 
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2.2.5. Modification of active residue of plh1+ 
The modification of the active site serine residue with diisopropylfluorophosphate 
(DFP) was carried in a final volume of 500 µl at 250C for 1.5 hour. The final 
concentration of the components was 0.8mM DFP, 10mM Tris-HCl, PH 7.4, 150mM 
NaCl, 0.01% EDTA, 1mM NaN3 and 40 µg microsomes.  After incubation for 1.5 hour, 
250μl of modification solution was used to determine the enzyme activity. The assays for 
the enzyme activity were performed as the in vitro assay described previously except that 
the whole volume was changed to 500 µl. The control samples without DFP contained 
the appropriate volume of isopropyl alcohol as the solvent for DFP. The negative control 
samples were the same with other samples except that microsomes were omitted. 
The procedure for the modification of histidine residue with diethylpyrocarbonate 
(DPC) is identical to that described for the modification with DFP except DFP was 
replaced with1mM DPC.  
Active site cysteine residues were modified with 5-5’-dithiobis-(2-nitrobenzoic acid) 
(DTNB). The incubation period was 24 mins. The buffer consisted of 1.0 mM DTNB, 
25mM bis-Tris proprane, PH 7.4, 150mM NaCl, 0.01% EDTA, 1mM NaN3 and 40 µg 
microsomes. (Yuksel, K.U., et al, 1989) After incubation, 250μl modification solution 
was used to determine the enzyme activity. The assays for the enzyme activity were 
handled as the in vitro assay described previously except that the total volume was 
changed to 500µl. 
Note: DFP and DPC were dissolved in isopropyl alcohol while DTNB was dissolved in 
the 25mM bis-Tris proprane buffer as described above.  
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2.3. Phenotype characterization 
2.3.1 Growth curve analysis 
Growth curve of stationary phase cells  
• Wild type and Δ plh1 Δdga1double knockout yeast cells were grown in YES 
medium until the final OD595 value remained constant for 2-4 days.  
• Cells were diluted in YES medium to OD595 0.03 and incubated at 300C.  
• OD595 values were collected every 2-3 hours until the OD595 reached final value.  
Growth curve of exponential phase (log phase) cells 
• Wild type and Δplh1Δdga1double knockout yeast cells were grown in YES 
medium until they entered exponential phase.  
• Cells were diluted in YES medium to OD595 0.03 and incubated at 300C.  
• OD595 values were collected every 2-3 hours until OD595 reached final value 
(Weisman, et al, 2001). 
2.3.2 Viability in Various Growth Phases 
• Wild type and DKO cells were grown in YES medium until they were entered 
stationary phase. 
• Cells were diluted in YES medium to OD595 0.03 and incubated at 300C. 
• OD595 values were measured and samples were collected at different growth 
phase according to OD595 value. (Early log-phase: 0.2-0.4, mid log phase: 0.6-
0.8, late-log phase: 1.0-1.2, diauxic shift phase, 1.8- 2.0, 2.5-3, Early stationary 
phase: 3.5-4.0, Stationary phase: 4.0-4.5) 
• 1µl of each collected sample was diluted 106 times in sterile water separately .  
• 100 µl of diluted sample was plated on YES agar.  
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• Plates were incubated at 300C. Colonies were scored after 3 days of incubation. 
(Weisman, et al, 2001)  
2.3.3 Viability under various stress conditions  
2.3.3.1 Osmotic, high salt and oxidative stress assay  
• Wild type and DKO cells were grown in YES medium overnight. 
• Cells were diluted to OD595 0.1 and  were refreshed to OD595 0.45-0.65.  
• Cells were streaked onto YE agar plates supplemented with 1M KCl, O.2M NaCl, 
1M sorbitol or 2.5mM H2O2 and incubated for 5-8 days at 300C. (Weisman, et al, 
2001)  
2.3.3.2 Heat shock stress treatment: 
• Wild type and DKO cells were diluted to low OD595 value and grown in YES 
medium overnight at 26°C. 
• Cells entered mid-exponential-phase the next day.  
• Cells were pelleted by microfuge and transferred into fresh YES medium.  
• Pre-treated cells were preincubated at 390C for 1hour, and then transferred to 
lethal heat shock at 480C for 40 minutes.  
• Non- pretreated cells were incubated at 480C for 40 minutes directly.  
• Cell viability was determined by plating on YES plates and incubating at 300C for 
3 days. (Kitamura, K. and Shimoda, C., 1991)  
2.3.3.3 DAG, Fatty Acids, and Ceramide Treatment 
The growth of cells was carried out as described earlier. For fatty acid treatment, 
palmitic acid and oleic acid were dissolved in chloroform as 500 mM stock. Each 
microliter of fatty acids was dissolved in 12.5 µl of tyloxapol:enthanol (1:1) and added 
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into growth medium. Wild type and DKO strains were grown to early log phase and then 
incubated in medium containing different concentrations (0.5, 0.8, and 1 mM) of palmitic 
acid or oleic acid for 0–3 hours. Control groups were cultured in the medium added with 
the same volume of tyloxapol: enthanol without fatty acids. After incubation, cells were 
analyzed for viability and DNA fragmentation. DiC8 DAG and ceramide were dissolved 
in dimethysulfoxide. The working concentrations for DAG were 0.1, 0.2, or 0.3 mM, 
whereas for ceramide they were 10 or 20 µM (Kearns, B. G., et al, 1997; Fishbein, J. D., 
et al, 1993). 
2.3.4 Fluorescence Microscopy 
2.3.4.1. Nile Red staining:  
• Cells were grown to the stationary phase. 
• 1ml of culture iwas centrifuged and supernantants were discarded 
• Cells were washed with 1ml of deionized H2O two times. 
• Cell pellets were resuspended in 1ml of 1µg/ml of Nile Red (1mg/ml in acetone) and 
incubated at room temperature for 2 –5 min.  
• 2-3 µl of Nile Red stained cells were spotted on a slide and a coverslip was placed on 
the drop to let the cell suspension spread uniformly, sandwiched between the glass 
slide and the coverslip. 
• Fluorescent images were obtained with a Bio-RAD laser scanning confocal 
microscope on an inverted Zeiss Atiovert microscope. Samples were illuminated with 
the 488-nm line from an argon ion laser, and the fluorescence was visualized with a 
540-nm dichroic mirror and 550nm long pass emission. (Yang, R.H., et al, 1996)  
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2.3.4.2. 2.7.2. 4’6-Diamidino-2-phenylindole (DAPI) staining of Nuclei:  
• Cells were grown to exponential phase (OD595=0.6-0.8). 
• 900 µl of cells were added with 100 µl of 37% formaldehyde and incubated at the 
growth temperature for 10 mins.  
• Cell culture was centrifuged and supernantants were discarded. 
• 1ml of PBS containing 1% NP40 were added into the fixed cells. Cells were 
suspended by pipetting and mixed for 30 seconds. 
• Cells were washed 3 time swith PBS and cell pellets were resuspended in 10 µl of 
DAPI mounting medium (50% (v/v) glycerol containing p-phenylenediamine at 
1mg/ml and DAPI at 1µg/ml) 
• 2-3 µl DAPI staining cells were spotted on a slide and a coverslip was placed on 
the drop to let the cell suspension spread uniformly, sandwiched between the 
glass slide and thecoverslip. 
• Cells were viewed using Leica DMLB microscope. (Balasubramanian, M.K., et al, 
1997) 
2.3.4.3. GFP fluorescence 
For the localization of Plh1p and Dga1p, cells need to be counterstained before the 
observation of GFP fluorescence.  Cells, stained with nile-red before fixation, were 
treated with the same method as DAPI staining. Cells were viewed using Leica DMLB 





2.3.4.4 Terminal Deoxynucleotidyl Transferase-mediated dUTP Nick End Labeling 
(TUNEL) Staining  
Cleavage of genomic DNA during apoptosis may yield double-stranded, low 
molecular weight DNA fragments (mono- and oligonucleosomes) as well as single-
stranded breaks (nicks) in high molecular weight DNA. Those DNA strand breaks can be 
detected by the addition of fluorescent dUTP at free 3’- OH termini by terminal 
transferase. Fluorescein labels incorporated in nucleotide polymers can be detected by 
fuorescent microscope. 
• Yeast cells (OD 595 =1) were fixed at 300C for 45 min with 37% formaldehyde 
constant gentle mixing. 
• Cells were pelleted at  6000 rpm for 1 min and washed with PBS 3 times. 
• Cells were incubated with permeabilization solution (0.1% Triton in 0.1% sodium 
citrate) for 2 min on ice, and then washed twice with PBS. 
• Cells were incubated with 50μl of in situ cell death detection rection mix (Roche) 
for 1 hour at 37 °C. 
• Cells were pelleted at 6000 rpm for1 min and washed with PBS 2 times, and then 
viewed using a Leica DMLB microscope (Madeo, F., et al, 1999). 
2.3.4.5. Annexin V staining 
Cells were washed in sorbitol buffer (1.2 M sorbitol, 0.5 mM MgCl2, potassium 
phosphate, pH 6.8), digested with zymolase for 2 h at room temperature, harvested, 
washed in binding buffer (10 mM HEPES/NaOH, 140 mM NaCl, 2.5 mM CaCl2, 1.2 M 
sorbitol), pelleted, and resuspended in binding buffer. 2μl of annexin-FITC and 2μl of 
propidium iodide were added to a 38μl cell suspension and then incubated for 20 minutes 
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at room temperature. The cells were collected by centrifugation, suspended in binding 
buffer, and applied to microscopic slides (Madeo, F., et al, 1999) 
2.3.4.6. ROS staining 
Production of reactive oxygen species (ROS) was detected by dihydroethidium 
(Sigma), which was used at 5 μg/ml cell culture or 2’7’-dichlorodihydrofluorescein 
diacetate (H2DCF-DA) (Sigma) at 10 μM. After incubation for 10 min, cells were viewed 
under a Leica DMLB microscope through a Texas Red filter (Madeo, F., et al, 1999; 
Severin, F.F and Hyman A. A., 2002). 
2.3.4.7. TMRE staining 
Tetramethylrhodamine ethylester (TMRE) was added into medium at 5nM and 
incubated with cells for 10 min. Cells were photographed under 100X Texas red filter 
(Ahsen, O., et al, 2000). 
2.3.5. Measurement of fatty acid biosynthesis by C14-acetate incorporation  
• Wild type and  ∆plh1, ∆ dga1 or  DKO cells (2ml in conical tube) were grown to 
log phase (OD595= 0.5- 0.8) or stationary phase (OD595=3.8-4.5) at 300C. 
• Cells were labeled with 10uCi C14-Acetate at 300C for 3hr. 
• Cells were pelleted in a microfuge and supernantants were discarded. 
• Cell pellets were washed twice with distilled water. 
• Cells were resuspended in 0.5ml of 0.1M HCl. 
• Cells were steamed in 950C water bath, 20min. 
• Cells were washed twice with water and resuspended in 67μl methanol and 33μl 
water. 
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• About 100μl of glass beads were added into the cells. Cells were vortexed for 
3min. 
•  Each sample was added with 1ml of methanol and 0.5ml of 60%(wt/v) KOH and 
incubated at 700C for 2hours. 
• Cells were added with 2ml of hexane and vortexed 2min. The top phase was 
transferred to the 3х12ml glass tubes. This step for extraction was repeated again 
and the top phase was combined. 
• The lysates are acidified with 1ml concentrated HCl, followed by vortexing. 
• 2ml of hexane was added into each sample. Samples were vortexed 2min, the top 
phase was transferred to the 3х12ml or 2х10ml glass tubes. 
• Samples were dried under nitrogen flow, added with 300—500μl of chloroform: 
methanol(2:1), and vortexed for  4 seconds. 
• Samples were loaded on TLC plate. (Hosaka, K., and Yamashita, S., 1984) 
2.3.6. Fatty Acid Analysis by using gas chromatography/mass spectrometry (GCMS) 
• Prepare 20ml of overnight culture. 
• Dilute overnight culture to OD595 of 0.1 in 100ml of YES broth. 
• Cell culture was refreshed to OD595 of 0.8-1.0 (check OD595 again to calculate 
number of cells). 
• Cells were put on ice to stop cell growth. 
• Split sample into two 50ml tubes and harvest cells by spinning at 3000×g at 4oC 
for 5’ 
• Cells were wash 2times with 5ml 0.5% tergitol. 
• Cells were re-suspend in 1ml water and transfer cells to microcentrifuge tube. 
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• CellS were wash again with 1ml of water. 
• Tubes were cover with aluminum foil;  holes were made on aluminum foil with 
needle. 
• Samples were frozen at -80 oC for 0.5 – 1hour. 
• Cells were lyophilized. 
• The weight of dry cells were measured and transferred in 15ml tube. 
• Cells were lysised with 1mL lyticase and incubate at 37oC for 15 min, followed 
byincubation at  -80oC for 1hour and finally at 37oC for 15 min. 
• Lyticase was remove bycentrifugation at 5000×g at 4oC for 10 min 
• Cells were re-suspend in 2ml of 10mM perchloric acid. 
• Cells were pelleted again and supernatant was removed by aspiration. 
• 100µg of heptadecanoic acid (in hexane) added to the pallet to monitor recovery 
of fatty acid. 
• Total volume was adjusted to 0.8ml by adding water. 
• Lipids were extracted with  3ml of chloroform/methanol (2:1). 
• Samples were vortexed for at least 2 min until all cells were suspended. 
• 1mL chloroform and 1ml of water were added into each sample.  
• Samples were vortexed for 30 seconds and then centrifuged at 1500×g at 4oC for 
10 min 
• The lower organic layer was transferred to Supelco glass tube. 
• Samples were dried with nitrogen flow. 
• Lipids were re-suspended in 0.5ml of NaOH in methanol (20g/l). 
• The tube was blanket with nitrogen. 
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• Samples were incubated at 100oC for 14hours. 
• 0.2ml of BF3 (50% methanol) and 0.3ml methanol were added to the sample. 
• The tube was blanket with nitrogen. 
• Samples were iIncubated for 1hour. 
• Fatty acid methylester system (FAME) were extracted with 0.5ml hexane and 
samples were vortex for 1 min each time. 
• Combine hexane phases. 
• The product was blanketed with nitrogen. 
• FAME were analysed with GCMS (Shimadzm GCMS-QP5000). 
2.3.7 Analysis of DAG Accumulation by Steady-state Labeling 
Cells were grown for 18–25 hours to mid-log phase or early stationary phase in 
media containing 1 μCi/ml [3H] oleate (Oelkers, P., et al, 2000). Cells were harvested, 












Chapter III Characterization of Plh1p and Dga1p in S. pombe 
3.1 Introduction 
The two major TAG synthesis pathways in mammalian cells, i.e. the glycerol-3-
phosphate pathway and the monoacylglycerol pathway are both acyl-CoA dependent. 
Sequential transfers of acyl group from acyl-CoA to a glycerol backbone are believed to 
be the key steps in TAG synthesis. The last transfer reaction, i.e. the transfer of an acyl 
group from acyl-CoA to diacylglycerol (DAG) catalyzed by the enzyme diacylglycerol 
acyl transferase (DGAT) is regarded as the only committed reaction in TAG synthesis in 
the glycerolipid pathway since DAG is diverted from membrane glycerolipid 
biosynthesis (Bell and Coleman, 1980). Two distinct mammalian DGAT gene families 
have been identified recently. DGAT1 was cloned based on its sequence homology to 
genes involved in sterol esterification (Oelkers et. al., 1998; Cases et al, 2001). DGAT2 
was identified by its homology to a DGAT isolated from the fungus Mortierella 
rammaniana (Lardizabal et al., 2001; Cases et al., 2001). Other acyl CoA dependent 
TAG synthesizing enzymes are likely present but are yet to be identified. In addition, 
acyl-CoA independent TAG synthesis was also shown to exist in eukaryotes. A DAG 
transacylase, which synthesizes TAG from two DAGs, was purified from rat intestinal 
microsomes and its activity was comparable to that of DGAT (Lehner and Kuksis, 1993). 
Four genes, i.e. DGA1, LRO1, ARE1 and/or ARE2, have been found to encode 
proteins capable of synthesizing TAG in the budding yeast S. cerevisiae (Oelkers et al., 
2002; Sandager et al., 2002).  Dga1p is highly homologous to mammalian DGAT2 while 
Lro1p encodes a protein with significant sequence similarity to the mammalian enzyme 
LCAT (lecithin cholesterol acyltransferase). Dga1p utilizes acyl CoA to esterify DAG 
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while Lro1p transfers an acyl group from a phospholipid molecule to the sn-3 position of 
DAG. Dga1p and Lro1p mediate the bulk of TAG synthesis; however, in their absence, 
2-4 % of normal TAG synthesis could still be detected. It was later determined that Are1p 
and Are2p, two acyl CoA sterol acyltransferases in yeast, are responsible for this residual 
activity. 
The fission yeast S. pombe, similar to the budding yeast, is genetically tractable with 
a rich repertoire of molecular tools and a completely sequenced genome (Forsburg S. 
1999; Wood et.al., 2002). However, there are no studies carried out on TAG biosynthesis 
in S. pombe to date. With the development of investigation of TAG biosynthesis in S. 
cerevisiae, it is also necessary to study this issue in S. pombe because fission and budding 
yeasts are as divergent from each other as each from mammals and S. pombe has been 
shown to have greater similarity to mammals at least in certain steps of cell division and 
in some aspects of stress signaling (Toone and Jones, 1998). The purpose of this study of 
the chapter is to identify and characterize the enzymes which are responsible for DAG 
esterification in S. pombe. 
3.2 Identification of plh1+ and dga1+ in S. pombe 
We searched the Fission Yeast Genome Database for homologous sequences to 
human DGAT1 (hDGAT1), human DGAT2 (hDGAT2) and the budding yeast LRO1 
using tBLASTX. A sequence with significant homology to hDGAT2 (40 percent identity 
at protein level) was identified and named dga1+ (GeneDB systematic name: 
SPCC1235.15). In addition, as previously reported, an open reading frame highly 
homologous (45 percent identity at protein level) to the budding yeast lro1+ was found in 
the fission yeast genome and named plh1+ (for Pombe LRO1 Homolog 1, GeneDB 
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systematic name: SPBC776.14) in this study.  A few open reading frames showing 
limited homology to DGAT1 were also found but they are unlikely to play a role in TAG 
synthesis as suggested by a previous report (Oelkers et al., 2000). plh1+ predicts a protein 
of 623 amino acids, with a putative transmembrane domain near its N terminus. Plh1p 
also has a conserved serine lipase motif HS(M/L)G between amino acids 292-296. dga1+ 
encodes a 349-residue protein with at least one transmembrane domain. The region of the 
putative glycerol phospholipid domain in hDGAT2 was also found to be conserved in 
Dga1p (45% percent identity over 80 amino acids). 
3.3 Deletion of plh1+ and dga1+ in S. pombe 
To determine whether Plh1p and/or Dga1p are involved in TAG synthesis in fission 
yeast, we generated Δplh1, Δdga1 single and Δplh1Δdga1 double deletion (DKO) 
mutants by homologous recombination (see materials and methods). 
3.4 Characterization of Deletion Mutants 
3.4.1 Deletion of plh1+ and dga1+ resulted in viable yeast  
The first observation we had of the mutants was to detect their viability under 
different temperature and different carbon sources. Cells were grown to logarithmically 
phase and spotted onto the YE plates or YE plates with supplements (leucine, histidine, 
adenine, uracil) at various cell densities.  All mutants were viable at 16 oC, 30oC and 37 
oC on rich media (Fig 3.1). Fig3.1 also showed there were no morphological changes in 
the DKO cells under the light microscope. 
3.4.2 TAG synthesis in cells with deletion of plh1+ and dga1+  
To investigate whether cellular TAG mass was affected in strains with plh1+ and/or 
dga1+ deletion, cells were grown separately to mid-log phase and lipids were extracted, 
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separated by thin layer chromatography (TLC) and stained with iodine vapor. While the 
TAG mass in each single deletion mutant was visually indistinguishable from that of the 
wild type cells, virtually no TAG mass could be seen for the double mutant. The sterol 
ester mass was clearly visible for all mutants, ruling out a lipid extraction error for the 
DKO. (Fig 3.2) This result suggested that Plh1p and Dga1p could be responsible for the 
biosynthesis of TAG in S. pombe. 
To further examine the ability of these strains to synthesize TAG, cells in log phase 
were pulse labeled with [3H] oleate and its incorporation into TAG was measured (Fig 
3.3). No significant differences in oleate incorporation into TAG were detected between 
wild type and the dga1+ deletion mutant. However, TAG synthesis was decreased by 
nearly 50% due to the loss of Plh1p. Most notably, the double mutant was almost totally 
deficient in TAG synthesis. In contrast, sterol ester biosynthesis was normal in all 
mutants (Fig3.4).  
Cellular neutral lipid droplets are composed of TAG and sterol esters. To further 
confirm the absence of TAG in the double deletion strain, we treated yeast cells with Nile 
Red, a fluorescent dye with strong and specific affinity for neutral lipids (Greenspan et al., 
1985). DKO and wild type cells were grown to early stationary phase incubated with 
1µg/ml of Nile Red (1mg/ml in acetone). Fluorescent images were obtained with a Bio-
RAD laser scanning confocal microscope.  As is shown in Fig 3.5, both of the wild type 
and double deletion cells, cytoplasmic fluorescent droplets could be seen in stationary 
phase cultures. However, the number of droplets observed in the mutants was 
significantly decreased and much less than that in wild type strain. This result suggested 
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that without TAG, the number of neutral droplet would decrease dramatically at early 
stationary phase. 
3.4.3 Analysis of plh1+ or dga1+ by overexpression  
To confirm that either Plh1p or DGA1p was sufficient for TAG synthesis, we 
overexpressed plh1+ and dga1+ in wild type and double mutant cells. Both genes were 
placed under the control of a strong nmtl promoter. Wild type and DKO cells transformed 
with empty vector were positive and negative control respectively. As is shown in Fig3.6, 
each gene overexpressed in DKO was able to complement the TAG synthesis defect in 
the double mutant and the biosynthesis of TAG was even higher than that in wild type 
vector control. This result indicates an overlapping function of these two genes. On the 
other hand, high-level expression of plh1+ also caused a significant increase in TAG 
synthesis in wild type cells, suggesting these genes could be regulated at the level of 
transcription.  
3.4.4 In vitro and in vivo esterification assays 
3.4.4.1 In vitro microsomal assays of DAG esterification 
The results described above demonstrated the essential roles of Plh1p and Dga1p in 
TAG synthesis; however, they did not reveal the exact molecular function of these two 
proteins. Based on sequence homology and the experimental data from previous studies 
(Oelkers et al., 2002, Dahlqvist, A et al., 2000; Cases et al. 2001; Larzidabal, et al, 2001 
Sandager, L., et al 2001), Dga1p is the homolog of hDGAT2 and the sequence of Plh1p 
is significantly homolog to budding yeast LRO1. Thus, it is highly likely that both of 
Plh1p and Dga1p carry out DAG esterification, with Dga1p mediating acyl-CoA 
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dependent DAG esterification (DGAT) while Plh1p mediating phospholipids-dependent 
DAG esterification (PDAT).  
To confirm this hypothesis, we analyzed DAG esterification using microsomes 
prepared from the wild type and deletion mutant strains (previous studies detected both 
PDAT and DGAT activities from microsomal fractions of the budding yeast (Dahlqvist et 
al., 2000)). When [14C]oleoyl-CoA and unlabeled DAG were added to the microsomes, 
the DGAT activity in  Δplh1 cells was significantly higher than the level in WT cells up 
to 25 µM oleoyl-CoA while it was nearly undetectable in Δdga1 and DKO microsomes 
(Fig.3.7.1). When [14C]DAG and cold  oleoyl-CoA or phospholipids were used, almost 
no DAG incorporation into TAG could be detected in the DKO strain. The ∆dga1 
microsomes showed about 50% DAG esterification activity of the normal microsomes, 
whereas the Δplh1 microsomes had similar activity as the wild type microsomes 
(Fig.3.7.2). When 1-palmitoyl-2 [1-14C] oleoyl phosphatidylethanolamines and unlabeled 
DAG were added, microsomes from wild type cells and Δdga1 cells incorporated 
radiolabeled fatty acid into TAG at similar rates (Fig.3.7.3). This activity was absent in 
Δplh1 microsomes and in microsomes prepared from the DKO strain, indicating that 
Plh1p mediates esterification of DAG using the sn-2 acyl group of PE as the acyl donor.  
3.4.4.2 Assays for sterol esterification 
According to the sequence, Dga1p shows a lower level identity to acyl-coenzyme A 
(CoA): cholesterol acyl transferase (ACAT) while Plh1p possesses a sequence similarity 
to mammalian lecithin-cholesterol acyltransferase (LCAT), suggesting the possible roles 
of these two proteins in sterol esterification. To determine whether Plh1p or Dga1p is 
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involved in sterol esterification in S. pombe, we performed in vivo and in vitro sterol 
esterification assay in wild type cells and DKO. 
In addition, in previous study, two genes named ARE1 and ARE2 were found to 
encode ACAT-related enzymes in S. cerevisiae. Deletion of both genes resulted in a 
viable cell with undetectable esterified sterol (Yang HY, et al, 1996).   After that, Oelkers 
confirmed that Are2p were also responsible for the residual TAG synthesis activity (two 
percent of wild type level).  
3.4.4.2.1 Identification of candidate genes for sterol esterification in S. pombe  
In order to find out if homologs of Are1p and Are2p in S. pombe have a role in TAG 
synthesis, we screened the S. pombe genome using ARE1 and ARE2 sequences. As 
expected, two uncharacterized open reading frames, SPAC13G7.05 and SPCP1E11.05, 
were identified with high degree of conservation with ARE1 and ARE2 respectively. 
SPAC13G7.05, predicating a protein 45% identical to ARE1, is named Sp-are1+. 
SPCP1E11.05c, predicating a protein 47% identical to ARE2, is named Sp-are2+. To 
assess the role of SpAre1p and SpAre2p, Δare1, Δare2 single and Δare1Δare2 double 
deletion mutants were created by homologous recombination (see materials and methods). 
The ability of these strains to esterify sterol was examined by pulse labeling cells in log 
phase with [3H]oleate. As shown in Fig3.8, deletion of are1+or are2+ reduced sterol ester 
levels to approximately 75 or 25 percent of normal levels, respectively while double 
deletion of are1+ and are2+ caused a total deficiency in oleate incorporation into 
ergosterol ester; At the same time, however, the incorporation of oleate in TAG was not 
changed in the Δare1Δare2 double mutants (Fig3.9). This result suggests that SpAre1p 
and SpAre2p mediate sterol esterification in S. pombe and SpAre2p plays a major role. 
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Moreover, both of the two genes do not play a major role in the DAG esterification in this 
organism. 
3.4.4.2.2 In vitro microsomal assays of sterol esterification 
To determine whether Plh1p or Dga1p is also involved in sterol esterification in S. 
pombe and the exact role of SpAre1p and SpAre2p, in vitro sterol esterification assay was 
performs in microsomes from wild type and Δare1Δare2.   Fig 3.10.1 showed that when 
1-palmitoyl-2 [1-14C] oleoyl PE and unlabeled cholesterol were added to microsomes, no 
incorporation of acyl group from PE into sterol esters in microsomes of either wild type 
or Δare1Δare2, indicating that PE is not the substrate of SpAre1p and SpAre2p to 
mediate ergosterol esterification.  Fig 3.10.2 showed that when [14C] oleoyl-CoA and 
unlabeled cholesterol were added, no incorporation of fatty acid from oleoyl-CoA into 
sterol esters in microsomes of Δare1Δare2 was observed. In contrast, wild-type cells 
displayed the ability to produce sterol esters. These results suggest that SpAre1p and 
SpAre2p could mediate sterol esterification by using acy-CoA as the acyl donor under the 
assay conditions. Moreover, inhibition of cholesterol esterification in Δare1Δare2 
indirectly suggests that Plh1p or Dga1p are unlikely involve in sterol esterification in S. 
pombe. 
The above results in 3.4 indicate that Plh1p mediates esterification of DAG using the 
sn-2 acyl group of PE as the acyl donor while Dga1p using acyl-CoA as the acyl donor. 
Both of the proteins are not involved in sterol esterification. Thus, it is confirmed  that 




3.4.5 Substrate specificities of Plh1p and Dga1p 
To define the substrate specificity of Plh1p, microsomes were prepared from cells 
overexpressing plh1+. In vitro assay for the TAG synthesis were performed with DAG 
and different radioactively labeled phospholipid substrates. Three phospholipids were 
used as acyl donors in the assay: PE, PC and PI. As is shown in Fig 3. 11, the 
incorporation of acyl group into DAG is much higher when PE was used as a substrates 
which is four times and six times of those of PC and PI, respectively. This result suggests 
that Plh1p showed the best activity with PE, followed by PC and PI. 
To define the substrate specificity of Dga1p, microsomes were prepared from cells 
overexpressing dga1+.  In vitro assay for the TAG synthesis were performed with DAG 
and different radioactively labeled acyl-CoA substrates. As is shown in Fig 3.12, the 
production of TAG is about 30 percent higher when palmitoyl-CoA was used as a 
substrate compared to that with oleoyl-CoA. This result indicates that Dga1p exhibits 
preferential substrate specificity for palmitate over oleate.  
3.5 Characterization of Plh1p 
3.5.1 Introduction 
LCAT is a structurally interesting enzyme in that it has both phospholipase and 
acyltransferase activities. It catalyzes the transacylation of the sn-2 fatty acyl chain of 
lecithin to the free 3-ß hydroxyl group of cholesterol whereby lysolecithin and cholesteryl 
esters are formed (Vanloo, B., et al, 2000). On the basis of structural homology 
calculations, it was shown that LCAT, like lipases, belongs to the alpha/beta hydrolase 
fold family. Conserved structural elements and variable loops were identified in this 
protein (Peelman, F, et al 2001). The aligned sequences of human, baboon, rabbit, mouse, 
 98
rat, chicken, and Caenorhabditis elegans LCATs show a homology profile with maximal 
sequence conservation in the ß strands and α-helices (Peelman, F., et al 1999). As a 
whole, the N-terminal part of the LCAT sequence (residues 1; –210) is better conserved 
than the C-terminal domain (residues 211; –416), because of the variability of the long 
excursion at residues 211–332 (Peelman, F, et al 2001).  Using chemical modification of 
amino acid residues, active sites of serine and histidine residues were demonstrated to 
participate in both the esterase and acyltransferase reactions while cysteine residues were 
not involved in the esterase reaction. Further, through site-directed mutagenesis, residues 
S181 (Francone, O. L. and Fielding, C. J., 1991), D345 and H377 form the catalytic triad 
of LCAT. In addition, cysteine residues were also implicated in the activity of LCAT 
(Jonas, A., 2000).  
In budding yeast S. cerevesiae, the LRO1 gene encodes a peptide of 661 amino acids 
that shows a 27% overall sequence identity to the mammalian enzyme LCAT. Similar to 
LCAT, Lro1 has a putative lipase active site motif, HS(M/L)G (Dahlqvist, D., et al, 
2000). In addition, two residues of LCAT catalytic triad are conserved in Lro1 based on 
sequence alignment, suggesting that Lro1 also belongs to the α/β hydrolase fold family 
(Stahl et al.,  2004). Lro1p has a putative transmembrane domain near its N-terminus and 
a V5 epitope-tagged form of Lro1p was found to localize to microsomes (Sorger, D., and 
Daum, G. 2003).  
Here, a homology search revealed that plh1+ in the genome of S. pombe shows a 
significant sequence similarity to LRO1 in S. cerevisae. Then, we demonstrated that 
Plh1p is a phospholipid: DAG acyltransferase.  However, little is known about the active 
sites of this protein. 
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Site-directed mutagenesis and modification of residues with drugs both offer good 
approaches to identify the essential residues for the functions of enzymes. In the 
following investigation, some residues of Plh1p in DKO transformed under the control of 
strong promoter nmtl are modified with different drugs or replaced specifically.  
3.5.2 Conserved structure elements in Plh1p 
The sequence alignment of human LCAT, Lro1p of S. cerevisae and Plh1p of S. 
pombe is shown in Figure 3.13.  
We noticed that a serine lipase motif (HS293MGS in Plh1p) is conserved in all Lro1p 
orthologs (Lro1p, Plh1p and Arabidopsis AB006704). In addition, an aspartic acid 
residue (D526 in Plh1p) and two histidine residues (H561 and H577 in Plh1p) were also 
found in all three proteins. To investigate whether Plh1p possesses a similar catalytic 
mechanism, we performed the following assays. Firstly, we wanted to know whether 
serine, histidine and cysteine residues are important for Plh1p activity. We used modifiers 
of these three residues and examined if the activity of the enzyme was impaired. 
Secondly, we use site –directed mutagenesis to identify the putative conseved active triad 
of Plh1p.   
3.5.3 Chemical modification of serine, histidine and cysterine  
The modification of the active site serine residue was carried out with 
diisopropylfluorophosphate (DFP) while the modification of histidine residue and active 
site cysteine residues was accomplished with diethylpyrocarbonate (DPC) and 5-5’-
dithiobis-(2-nitrobenzoic acid) (DTNB) respectively. The activity of Plh1p was assessed 
in microsomes extracted from DKO cells overexpressing plh1+. The enzymatic reaction 
of DAG esterification assay was described in details “Materials and Methods”.  As shown 
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in Fig.3.14.1, addition of serine modifiers greatly affected the enzyme activity, in which 
DFP resulted in about 80% reduction in the rate of DAG esterification. On the other hand, 
DPC had little effect on enzyme activity (Fig.3.14.2). Fig.3.14.3 shows that cysteine 
modifiers have partly inhibited the enzyme activity. After modification with DTNB, 
activity of enzyme decreased by 50%. This result suggests that serine and cysteine 
residues are essential to catalytical activity of Plh1p.  
3.5.4 Site-directed mutagenesis of the acid residue of the catalytic triad 
Next, we employed site directed mutagenesis to investigate the roles of the specific 
amino acids in Plh1p. According to the results of alignment, we selected four amino acid 
residues: Serine-293, Methionine-192, Aspartic acid-526, and Histidine-561, which are 
most likely the member of catalytic triad, as the targets.   The selected amino residues in 
the open reading frame were mutated as described and were ligated into plasmid pREP41. 
After mutant plasmids were transformed into DKO, in vivo assay of oleate incorporation 
was performed as described previously to determine the enzyme activity and total cellular 
lipids were extracted to determine the mass of TAG. 
As shown in Fig3.15, while the TAG mass in each histidine and cysteine mutant was 
visually indistinguishable from that of the wild type cells, virtually no TAG mass could 
be seen for the serine and aspartic acid mutants. In the experiment of oleate incorporation, 
substitution of serine 293 by threonine almost completely abolished the DAG 
esterification activity and substitution of aspartic acid 526 by glutamic acid also greatly 
affected its activity. On the other hand, modification of histidine residue and cysteine 
selected seemed not to be important. (Table 7)  
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3.6. Localization of Plh1p and Dga1p 
To examine the localization of the two enzymes, sequence of GFP was fused at the 
N terminus of each protein. The entire open reading frame of plh1+ and dga1+ were 
separately inserted between Sa1l and Smal1 sites of pREP 42GFP to generate GFP 
amino-terminal tagged proteins. In order to show the fusion proteins were fully functional, 
each construction was transformed into DKO cells. In vivo DAG esterification assay was 
performed and it was confirmed that both overexpression constructs restored the function 
of original enzymes (Fig 3.16).  As seen, Plh1p co-localized with ER while the majority 
of Dga1p co-localized with nile red, suggesting Dga1p is a lipid body resident protein 
(Fig. 3.17).  
3.7 Summary 
Two enzymes, Plh1p and Dga1p mediate the last step of TAG synthesis in the 
fission yeast S. pombe. Just like their counterparts in S. cerevisiae, these two proteins, 
although share overlapping function, vary in terms of gene sequences, substrate 
specificity and cellular localization. Plh1p mediates esterification of DAG using the sn-2 
acyl group of PE while Dga1p using acyl-CoA as the acyl donor. Both proteins are not 
involved in sterol esterification. Plh1p is mainly localized on ER while Dga1p on lipid 
droplets. Plh1p showed the best catalytic activity with PE, followed by PC and PI while 
Dga1p prefers palmitate to oleate. Plh1p belongs to the α/β hydrolase fold family while 
Dga1p belongs to DGAT2 family. The distinctive discrepancy between Plh1p and Dga1p 
suggests that the two proteins may participate in regulaying different spatial and temporal 




















Fig3.1 TAG-deficient mutant (DKO) possesses the same viability as the wild type at 
30oC, 16oC and 37oC on rich medium, YES.  a, Logarithmically growing wild type and 
DKO cells were spotted on the upper and lower columns respectively. The cell density at 
the first lane from the left is 1.2X 108/ml, and decreases 10-fold each lane from the left to 
right. Cells were grown on plate for 3 days. b, Logarithmically growing wild type and 
DKO cells were harvested and observed under light microscopy. As shown, the DKO at 
log-phase demonstrates the similar viability as the wild type at different temperature. The 























Fig 3.2 TLC analysis of neutral lipids.  Lipids of cells were extracted, separated by Hexane: 
Methanol: Actic acid (vol 60:30:1) on thin layer chromatography (TLC) and stained with iodine 
vapor. As shown, while the TAG mass in each single deletion mutant is visually indistinguishable 
from that of the wild type cells, virtually no TAG mass could be seen for the double mutant. The 































Fig 3.3 In vivo DAG esterification assays. Wild type and ∆plh1, ∆dga1 or DKO strains 
were grown into log phase and labelled with [3H] oleate for 30 mins. Upon comparison, 
TAG synthesis decreased by nearly 50% due to the deletion of plh1+. Most notably, the 
double mutant was almost totally deficient in TAG synthesis. 
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Fig 3.4 In vivo sterol esterification assays. Wild type and ∆plh1, ∆ dga1 or DKO strains were 
grown into log-phase and labelled with [3H] oleate for 30 mins. Lipids were extracted from 
lyophilized cell pellets and separated on TLC plate. Each lane was cut according to lipid 
standards. Incorporation of [3H] oleate into lipids was ascertained by scintillation counting and 
normalization to a [14C] cholesterol internal standard and dry weight. As shown, no significant 
difference in sterol ester biosynthesis was observed between all mutants and wild type. 
Fig 3.5 Fluorescent staining of neutral lipids.  DKO and wild type cells were grown to 
the stationary phase, washed with deionized H2O two times and incubated with 1µg/ml of 
Nile Red (1mg/ml in acetone). Fluorescent images were obtained with a Bio-RAD laser 
scanning confocal microscopeon an inverted Zeiss Atiovert microscope. Samples were 
illuminated with the 488-nm line from an argon ion laser, and the fluorescence was 
visualized with a 540-nm dichroic mirror and 550nm long pass emission. As shown, 








































































Fig 3.6 In vivo DAG esterification assays of cells with overexpression of plh1+ or dga1+
Wild type and DKO cells transformed with empty vectors or vectors harboring either one of 
the TAG synthetic genes plh1+ or dga1+ were grown into log-phase and labelled with [3H] 
oleate for 30 mins. Lipids were extracted from dried cell pellets and separated on TLC plate. 
Each lane was cut according to lipid standards. Incorporation of [3H] oleate into lipids was 
quantified by scintillation counting and normalization to a [14C] cholesterol internal 
standard and dry weight. As shown, overexpression of plh1+ or dga1+ in DKO restored the 

























































































































Fig.3.7 In vitro DAG esterification assays. Microsomes from wild type and single or 
double gene deletion strains grown into log-phase were assayed in vitro for DAG 
esterification at room temperature for 15 min with different substrates. 3.7.1, 1-stearoyl-
2-[1-14C]arachidonyl-sn-glycerol, oleoyl-CoA and PE, 3.7.2, 1-[14C] oleoyl-CoA, 1,2-





















Fig 3.8 Sterol esterification in vivo assay in Δare1 Δare2. Cells were grown to log phase and lipids 
were extracted and separated by TLC as described. As shown, there is no different between wild type 
and DKO in sterole sterification. However, sterol esterification decreased by 20% and 70% in Δare1 
and Δare2, respectively while incoporation of oleate into sterol ester could not be detected in Δare1 
Δare2 double mutant. 
Fig 3.9 In vivo DAG esterification assay in Δare1 Δare2. Cells were grown to log phase and lipids 
were extracted and separated by TLC as described. As shown, there is no significant differences among 

























































Fig 3.10.1 In vitro microsomal assays of sterol esterification in Δare1 Δare2
Microsomes from wild type and double gene deletion strains grown to log phase were 
assayed in vitro for sterol esterification at room temperature for 15 min. As shown, 
when 1-palmitoyl-2 [1-14C] oleoyl PE and unlabeled cholesterol were added to 
microsomes, no incorporation of fatty acid chain from PE into sterol esters was observed
in microsomes of Δare1Δare2. 
Fig 3.10.2 In vitro microsomal assays of sterol esterification in Δare1 Δare2.
Microsomes from wild type and multiple gene deletion strains grown into log-phase 
were assayed in vitro for sterol esterification at room temperature for 15 min. As 
shown, when [14C]oleoyl-CoA and unlabeled cholesterol were added, no 
























































































































Fig 3.11 In vitro DAG esterification assay: substrate specificity of Plh1p. Microsomes 
were extracted from log-phase DKO harboring plh1+overexpression plasmids. In vitro
DAG esterification assay was performed as described at room temperature for 15 min with 
different labelled phospholipids as substrates. As shown, the incorporation of acyl group 
into DAG is much higher when PE was used as a substrate, followed by PC and PI 
respectively. 
Fig 3.12 In vitro DAG esterification assay: substrate specificity of Dga1p.
Microsomes were extracted from log-phase DKO harboring dga1+overexpression 
strains. In vitro DAG esterification assay was performed as described at room 
temperature for 15 min with different labeled acyl-CoAs as substrates. As shown, 
compared with [14C] oleoyl-CoA, activity of Dgalp is higher when [14C] palmitoyl-

























CLUSTAL W (1.74) multiple sequence alignment     
         
Plh1p           -------MASSKKSKTHKK--------KKEVKSPIDLPN--SKKPTRALS------EQPS 
Lro1p           MGTLFRRNVQNQKSDSDENNKGGSVHNKRESRNHIHHQQGLGHKRRRGISGSAKRNERGK 
LCAT            ------------------------------------------------------------ 
                                                                             
Plh1p           ASETQSVSNKSRKSKFGKRLNFILGAILGICGAFFFAVGDDNAVFDPATLDKFGNMLGSS 
Lro1p           DFDRKRDGNGRKRWRDSRRLIFILGAFLGVLLPFSFGAYHVHNS-DSDLFDNFVNFDSLK 
LCAT            ---------MGPPGSPWQWVTLLLGLLLPPAAPFWLLNVLFPPH--TTPKAELSNHTRPV 
                                 : : ::** :*    .* :          .    :: *      
Plh1p           DLFDDIKGYLSYNV--FKDAPFTTDKPSQSPS--GNEVQVGLDMYNEG-YRSDHPVIMVP 
Lro1p           VYLDDWKDVLPQGISSFIDDIQAGNYSTSSLDDLSENFAVGKQLLRDYNIEAKHPVVMVP 
LCAT            ILVPGCLGNQLEAK---LDKPDVVNWMCYRKT---EDFFTIWLDLN-------------- 
                  . .  .          *   . :          ::. .     .               
Plh1p           GVISSGLESWSFNN---C-SIPYFRKRLWGSWSMLKAMFLDKQCWLEHLMLDKKTGLDPK 
Lro1p           GVISTGIESWGVIGDDECDSSAHFRKRLWGSFYMLRTMVMDKVCWLKHVMLDPETGLDPP 
LCAT            MFLPLGVDCWIDNT-------RVVYNRSSG-------------------LVSNAPGVQIR 
                 .:. *::.*             . :*  *                   ::.  .*::   
Plh1p           GIKLRAAQGFEAADFFITGYWIWSKVIENLAAIGYEPNNMLSAS-YDWRLSYANLEERDK 
Lro1p           NFTLRAAQGFESTDYFIAGYWIWNKVFQNLGVIGYEPNKMTSAA-YDWRLAYLDLERRDR 
LCAT            VPGFGKTYSVEYLDSSKLAGYLH-TLVQNLVNNGYVRDETVRAAPYDWRLEPG---QQEE 
                   :  : ..*  *    . ::  .:.:**   **  ::   *: *****      .::. 
Plh1p           YFSKLKMFIEYSNIVHKKKVVLISHSMGSQVTYYFFKWVEAEG--YGNGGPTWVNDHIEA 
Lro1p           YFTKLKEQIELFHQLSGEKVCLIGHSMGSQIIFYFMKWVEAEGPLYGNGGRGWVNEHIDS 
LCAT            YYRKLAGLVEEMHAAYGKPVFLIGHSLGCLHLLYFLLRQPQA----------WKDRFIDG 
                *: **   :*  :    : * **.**:*.    **:                * : .*:. 
Plh1p           FINISGSLIGAPKTVAALLSGEMKDTGIVITLNI--LEKFFSRSERAMMVRTMGGVSSML 
Lro1p           FINAAGTLLGAPKAVPALISGEMKDTIQLNTLAMYGLEKFFSRIERVKMLQTWGGIPSML 
LCAT            FISLGAPWGGSIKPMLVLASGDNQGIPIMSSIKL----KEE---QRITTTSPW-----MF 
                **. ...  *: *.: .* **: :.   : :: :    *     :*     .      *: 
Plh1p           PKG-----GDVAP---DDLNQTNFSNGAIIRY-REDIDKDHDEFDIDDALQFLKNVTDDD 
Lro1p           PKGEEVIWGDMKSSSEDALNNNTDTYGNFIRFERNTSDAFNKNLTMKDAINMTLSISPEW 
LCAT            P----------------S-------------R--MAWPEDHVFISTP----SFN-YTGRD 
                *                                       :  :            :    
Plh1p           FKVMLAKNYSHGLAWTEKEVLKNNEMPSKWINPLETSLPYAPDMKIYCVHGVGKPTERGY 
Lro1p           LQRRVHEQYSFGYSKNEEELRKNELHHKHWSNPMEVPLPEAPHMKIYCIYGVNNPTERAY 
LCAT            FQRFFADLHFEEGWYMWLQSRD-----------LLAGLP-APGVEVYCLYGVGLPTPRTY 
                ::  . . :         :  .           : . ** ** :::**::**. ** * * 
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Plh1p           YYTNNPEGQPVIDSSVNDGTKVENGIVMDDGDGTLPILALGLVCNKVWQTKR-FNPANTS 
Lro1p           VYKEEDDSS-ALNLTIDYESKQP--VFLTEGDGTVPLVAHS-MCHKWAQGASPYNPAGIN 
LCAT            IY---DHG-------FPYTDPVG--VLYEDGDDTVATRSTE-LCG-LWQGRQ-PQPVHL- 
                 *    ..       .         :.  :**.*:.  :   :*    *     :*.    
Plh1p           ITNYEIKHEPAAFDLRGGPRSAEHVDILGHSELNEIILKVSSGHGDSVPNRYISDIQEII 
Lro1p           VTIVEMKHQPDRFDIRGGAKSAEHVDILGSAELNDYILKIASGNGDLVEPRQLSNLSQWV 
LCAT            LPLHGIQHLNMVFSN----LTLEHINAILLGAYRQGPPASPTASPEPPPPE--------- 
                :.   ::*    *.      : **:: :  .  .:     .:.  :    .          
Plh1p           NEINLDKPRN       
Lro1p           SQMPF--PM-       












Fig 3.13 Alignment of Plh1p, Lro1p and human LCAT. As shown, a serine lipase motif 
(HS293MGS in Plh1p) was conserved in all Lro1p homologues. An aspartic acid residue (D526





































Fig 3.14.1 Plh1p activity in vitro assay after residue modification with DFP. 
Microsomes of log-phase wild type cells were extracted as described. Microsomes were 
incubated with serine modifiers DFP for 1.5 hr. Then, DAG esterification in vitro assay was 
performed with labeled PE as substrate. As shown, incubation with DFP greatly affected the 
enzyme activity,i.e. about 70 % reduction in the rate of DAG esterification. 
Fig 3.14.2 Plh1p activity in vitro assay after histidine residue modification 
with DPC. Microsomes of log-phase wild type cells were extracted as described. 
Microsomes were incubated with histidine modifiers DPC for 1.5 hr. Then, DAG 
esterification in vitro assay was performed with labelled PE as substrate. As shown 











































Fig 3.14.3 Plh1p activity in vitro assay after cysteine residue modification with 
DTNB. Microsomes of log-phase wild type cells were extracted as described. 
Microsomes were incubated with cysteine modifiers DFP for 1.5 hr. Then, DAG 
esterification in vitro assay was performed with labeled PE as substrate. As shown, 
activity of Plh1p decreases one half after treatment with DTNB. 
Fig 3.15 TLC of lipids extracted from site-mutated yeast cells Lipids of DKO cells 
transformed with vectors harbouring site directed mutated plh1+ were extracted, separated 
by hexane: methanol: acetic acid (vol 60:30:1) TLC and stained with iodine vapor. As 
shown, TAG mass in each methionine-192 (cysteine) and methionine-192 (cysteine) mutant 
was visually indistinguishable from that of the wild type cells, virtually no TAG mass could 
be seen for the glutamic acid-526 (aspartic acid) and threonine-293 (serine) mutant. The 













































1      2       3      4      5       6      7      8      9  10    11     12    13   14     15
1-2: WT; 3-5:Glutamic acid-526 (Aspartic acid); 6-8: Threonine-293 (Serine)


















Table 7 Enzyme activities of wild type and Plh1p mutant cells. Mutant of each single 
site was introduced through PCR overlap expression. Each full-length mutant DNA has a 
BamHI site at 5’-terminal while at the 3’ terminal has SpeI or SmaI site. They were digested 
with BamHI and SmalI or SpeI, treated with T4 ligase and ligated into BamHI and SmalI or 
SpeI digested pREP41-plh1+ or pREP42-plh1+. The plasmids were separately transformed 
into wild type and DKO. In vivo assay of oleate incorporation were monitored as described 
previously to determine the enzyme activity. As shown, substitution of serine 293 by 
threonine and substitution of aspartic acid 526 by glutamic acid greatly affected activity for 
DAG esterification. On the other hand, modification of histidine residue or cysteine selected 
seemed not to be important. 
 
Plh1+ overexpression strains                   Plh1p activity (dpm/mg)
Wild type                                                   509.7+41.21
Threonine-293 (Serine)                             10.28+1.25
Glutamic acid-526 ( Aspartic acid)             33.91+0.06
Alanine-561 (Histidine)                               541+11.72
Methionine-192 (Cysteine)                          528+39.33
Enzyme activity was measured through  [3H]oleate incorporation 





































Fig 3.16 In vivo DAG esterification assays for cells with overexpression of GFP-Plh1
and GFP-Dga1 DKO cells transformed with empty plasmid or plasmid harboring either one 
of the TAG synthetic genes plh1+ or dga1+ were grown into log-phase and labelled with 
[3H] oleate for 30 mins. Lipids were extracted from dried cell pellets and separated on TLC 
plate. Each lane was cut according to lipid standards. Incorporation of [3H] oleate into lipids 
was ascertained after scintillation counting and normalization to a [14C] cholesterol internal 
standard and dry weight. As shown, overexpression of GFP-Plh1+ and GFP-Dga1+ in DKO





















Fig. 3.17 Localization of Plh1p and Dga1p.  
For the localization of Plh1p and Dga1p, pREP 42GFPplh1+ and pREP 42GFPdga1+ were 
transformed into wild type cells. Cells were grown in EMM lacking uracil at 30oC, fixed with 
37% formaldehyde and co-staining with DAPI to visualize DNA or co-staining with Nile Red to 
visualize lipid particles. 1 shows the DAPI staining of DNA in gfpplh1+. 2 and 5 show the GFP 
fluorescent of GFP N terminal tagged Plh1p and GFP N terminal taggied Dga1p respectively. 3 
and 6 show Nomarsk structure in gfpplh1+ and gfp dga1+ accordingly. 4 shows the Nile Red 
staining for lipid particles in gfpdga1+. As seen, Plh1p co-localized with ER while the majority 





Chapter IV Phenotype characterization: lipid profiles, mating 
behaviors and growth property of cells deficient in TAG 
biosynthesis under various conditions  
 
The phenotype characterization of the mutant deficient in TAG synthesis was carried 
in three directions, namely lipid profiles, mating behavior and growth characteristics 
under various conditions. 
4.1 Growth property of cells deficient in TAG biosynthesis under various conditions 
Recently, Schaffer and colleagues (Listenberger, L. L., et al, 2003) have 
demonstrated that TAG synthesis protected against fatty acid-induced lipotoxicity in 
Chinese hamsteovary (CHO) cells. Other recent studies also implicated a critical role for 
TAG synthesis in cell viability in Drosophila and in the oleaginous yeast (Buszczak, M., 
et al, 2002, Gangar, A., et al, 2002). Thus, we suspected the deficiency of TAG 
biosynthesis would also influence the growth of S. pombe cells as in other organisms.  
In order to obtain an overview of the possible consequences of the absence of TAG 
synthesis in S. pombe, we decided to examine the growth of the double deletion mutants 
(DKO) under different stress conditions. We first investigated the growth phenotype of 
DKO in stationary phase. Stationary phase is a form of nutrient starvation, in which cells 
have to face shortage or the deprivation of important nutrients like nitrogen, phosphate or 
carbon source (Werner-Washburne, M., et al, 1996). Previous reports indicated that the 
sole growth phenotype of budding yeast cells without neutral lipids is a prolonged lag 
phase with no significant change in the exponential and stationary phases (Oelkers, P.,et 
al,2002). We sought to investigate if similar phenotype is observed in S. pombe cells 
deficient in TAG biosynthesis. Then, we also investigated the growth of DKO cells under 
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other stress conditions: heart shock, osmotic stress, high salt concentrations and oxidative 
stress.  
4.1.1 Growth of cells deficient in TAG biosynthesis in stationary phase and log 
phase 
In order to examine the growth properties, we constructed the growth curve of wild 
type and DKO cells cultures at the same initial cell density (optican density, absorbance 
at OD595) and of the same growth phases.   
As shown in Fig4.1, in rich medium, when cells that had been in stationary phase for 
more than 3 days were used to start a growth culture, it took wild type 12 hrs to re-enter 
log-phase. In contrast, DKO cells starting with the same OD595 value took 30 hours, more 
than twice the time of wild type cells, to re-enter cell cycle. However, when log phase 
cells were used to start the culture, there was no such lag phase in the onset of log phase 
(Fig4.2). Both wild type and DKO cells had the same doubling time of approximately 
2.3hours in the exponential-growth-phase. Interestingly, in both cases, we observed that 
cells without TAG exited the logarithmic phase at a lower cell density, i.e.< 4.5 for DKO 
and > 5 for wild type. These data suggested that, among other possibilities, most of the 
double mutant cells in the stationary phase could not be revived. To test this hypothesis, a 
colony-forming assay was performed. Cells were collected at different OD value and 
plated on YES solid medium. As expected Fig4.3, in a growing wild type population, the 
increasing optical density was accompanied with a steady increase of number of viable 
cells. However, such trend of accretion was reversed in DKO when the optical density 
reached OD595 2.0. Apparently, most of double mutants lost viability upon entry into 
stationary phase. To further confirm this observed growth defect in DKO cells, we also 
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stained the cells entering stationary phase with Phloxin B, a vital dye that is excluded by 
normal cells (Bezanilla.M, et al, 2000). As seen in Fig4.4 about 90% DKO cells are 
stained with scarlet color, suggesting cell death.  
Similar growth curve was observed when cells cultured in synthetic medium 
(Fig4.5). Compared with those grown in rich medium, both wild type and DKO required 
longer time to re-enter exponential phase while the lag phase was slightly less: 20 hours 
for wild type and 27hours for DKO.   Meanwhile, the decrease in viability of the DKO 
cells upon entry into stationary phase was delayed and less prominent compared to that in 
rich medium. The wild type steadily maintained its viability upon entry into stationary 
phase; whereas the viability of the DKO cells first started to decrease to about 70% of 
that of wild type when the optical density reached 2. In addition, the growth rate of both 
strains was a little slower than in rich medium, i.e. about 3 hours for each doubling. 
These results strongly suggest that the requirement of normal TAG synthesis for cells to 
properly respond to nutrient starvation is dependent on the type of media. 
4.1.2 Detection of cell death in cells upon entering stationary phase 
Now, what is the mechanism of the cell death in mutant cells upon entering 
stationary phase? To find out, microscopic observation of stationary cultures was 
performed.  When the stationary phase cells were stained with DAPI, remarkable nuclear 
DNA fragmentation was detected in the majority of the DKO cells, whereas no such 
fragmentation was observed in any wild type cells (Fig4.6.1). The mechanisms of this 
stress-induced cell death were further investigated by the TUNEL assay. Cleavage of 
DNA during apoptosis produces free 3'-OH termini, which can be effectively labeled by 
fluorescently tagged nucleotides in a process catalyzed by terminal deoxynucleotidyl 
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transferase. It was found that, at early stationary phase, DNA fragmentation occurs in the 
majority (over 50%) of mutant cells, as seen by the extensive TUNEL reaction (Fig4.6.2). 
This extensive labeling was not observed in any of the wild type cells. Log phase cells in 
general did not show positive labeling, a result that is consistent with the findings that, in 
the logarithmic growth phase, the double mutant has a viability comparable with that of 
the wild type strain. The TUNEL-positive phenotype suggested to us that the DKO cells 
could undergo apoptotic cell death when starved; therefore, we look for more apoptotic 
markers. In mammalian and S. cerevisiae cells, exposure of phosphatidylserine (PS) at the 
outer leaflet of the plasma membrane is an early marker for apoptosis (Madeo, F., et al, 
1997). To test whether the same process occurs in S. pombe, spheroplasts of wild type 
and DKO cells derived from stationary phase cultures were incubated with FITC-labeled 
annexin V. As shown in Fig 4.6.3, strong fluorescence could be seen in the periphery of 
about 10% of mutant cells, suggesting that phosphatidylserine is indeed exposed to the 
outer leaflet of plasma membrane. Membrane integrity was confirmed since propidium 
iodine was excluded from most of the annexin V-positive cells. In contrast, no FITC 
fluorescence was observed for wild type cells. Production of reactive oxygen species 
(ROS) represents another prominent marker for apoptosis in yeast (Madeo, F., et al 1999). 
We treated wild type and DKO cells with dihydroethidium, which can be oxidized by 
ROS to fluorescent ethidium (Priault M., et al, 2002). As shown in 3Fig 4.7, over 50% of 
the mutant cells at the stationary phase fluoresced strongly, whereas less than 5% of wild 
type cells showed fluorescence. On the other hand, mutant cells in logarithmic growth 
phase did not show positive labeling, a result that is consistent with earlier findings that 
in the log-phase, the DKO cells have similar viability as the wild type. 
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4.1.3 Growth of cells deficient in TAG biosynthesis in stress conditions 
The above data demonstrated the DKO cells, which cannot synthesize TAG, 
underwent apoptosis-like cell death upon entering stationary phase. We wondered 
whether the loss of TAG biosynthesis also interferes with the growth of yeasts when 
exposed to other environmental stress conditions such as the presence of oxidants, heat 
shock, high salt concentrations.  Thus, we examined the growth proprieties of the wild 
type and DKO cells under various stresses. 
As seen in Fig 4.8, at the density of 1.2×107 cells/ml (second lane from the left), the 
double mutant could not grow, contrary to the wild type, on plates with 0.2 mM or higher 
concentrations of hydrogen peroxide, 0.2M or higher concentrations of sodium chloride, 
and 1.0M or higher concentrations of potassium chloride. However, at lower cell 
densities, even the wild type failed to grow. There is therefore a cell-density dependent 
mode of stress response. The relative sensitivity of the double mutant to high salt 
concentrations and hydrogen peroxide was not observed under high osmotic stress (1M 
and 2M sorbital) and heat shock. 
To confirm that the sensitivity to stress conditions is because of the deficiency in 
TAG synthesis, we overexpressed plh1+ or dga1+ in wild type and DKO cells. Fig 4.9 
showed that DKO cells harboring either one of the TAG synthetic genes plh1+ or dga1+ 
could revert the sensitivity of DKO to oxidative stress and high salt concentrations. 
The cell viability under hydrogen peroxide oxidative stress and high salt 
concentrations was quantatively measured by colony forming assay (Fig 4.10). The DKO 
was found to be much more sensitive to oxidative stress and high salt concentrations as 
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compared to the wild type. However, when concentration of KCl and H2O2 reached 0.7M 
and 1mM respectively, even the wild type lost partial viability. 
To test if DKO cells exposed to stress conditions underwent apoptosis-like cell death 
as well as in stationary phase, TUNEL assay and DAPI staining were performed to 
examine the presence of cleavage or fragmentation of DNA. It was found that at low 
concentration of salt (0.7M KCl), DNA fragmentation occurred in majority of DKO cells 
while there was no positive TUNEL labeling in wild type. In addition, DAPI staining also 
displayed normal, single and complete nuclei in wild type cells (Fig 4.11).  However, 
with the increase of concentration of salt, both the wild-type and DKO displayed DNA 
fragmentation. Interestingly, under the high concentration of KCl (1.5M), positive 
labeling of TUNEL in DKO cells decreased, which suggested that at very high salt 
concentration, DKO may also die of necrosis. In addition, wild type displayed positive 
labeling at this high concentration. 
Similar phenomena were observed when cells were treated with hydrogen peroxide. 
At the concentration of 0.5mM, DNA fragmentation mainly took place in DKO. At the 
concentration of 1.0mM or higher, positive labeling was observed in virtually all cells 
(Fig 4.12). 
4.2 Mating Behavior of cells deficient in TAG biosynthesis 
It is known that fission yeast S. pombe utilizes different mechanisms to withstand 
the shortage of either a nitrogen, phosphate or carbon source. Upon nutrient exhaustion, if 
the culture contains cells of only a single mating type, then these cells exit mitotic cell 
cycle and accumulate in stationary phase. In contrast, if both mating types are present, 
then the cells are able to conjugate and form a diploid zygote, which can then undergo 
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meiosis and sporulation to generate asci each containing four haploid spores. (Davey.J, 
1998) In earlier study, we showed that DKO suffered growth failure at the initiation of 
stationary phase. We wondered if the mating normally employed to resist nutrient 
starvation is also impaired in the case of TAG deficiency. To answer this question, we 
deleted both genes for DAG esterification in homothallic cells (h90), which are potent to 
switch mating types at every round of cell cycle. We similarly observed the growth 
proprieties of the new strain of DKO cells and detected the mating behavior of DKO in 
the rich medium and conjugation-inducing malt extract medium (ME), which contains a 
limited amount of nitrogen. 
4.2.1 Growth property of h90 DKO in rich medium 
Colony forming assay in YES showed that at early stationary phase, viability of h90 
DKO decreased (Fig4.13). DAPI staining and TUNEL assay (Fig 4.14) also exhibited 
DNA fragmentation, which suggested an apoptosis-like cell death. The results indicate 
that h90 DKO shares the same growth defect with other heterothallic DKO strains upon 
entering stationary phase when grown in YES, the rich medium.    
4.2.2 Mating behavior in late stationary phase in YES medium 
Unlike S .cerevisiae, fission yeast S. pombe only mates if it is starved. Thus, in an 
attempt to identify the influence of TAG deficiency on mating ability, the search for 
zygotes started after 2 day culture of h90 wild type and DKO on YES solid plates. As seen 
in Fig4.15, zygotes appeared in wild type on the 3rd day. On the 4th day, about 45% of 
wild type converted to diploid zygotes and spores were also generated at this stage. On 
the 6th day, wild type culture contained only spores. In contrast, only a few zygotes were 
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observed in DKO till 3rd day. During 7 days observation, the percentage of zygote rose 
slowly and remained at 15%.  
4.2.3 Mating ability and growth property in ME  
To further confirm the mating deficiency of DKO, cells at early log-phase (OD595 
0.3) was shifted from YES to ME medium. Fig 4.16 showed that in ME, almost all wild-
type cells underwent conjugation and sporulation. On the other hand, different from those 
growing in rich medium that still kept a relatively weak ability to mate, DKO cells were 
virtually unable to generate zygotes in ME. This result prompted us to suspect that the 
mating disability may be due to the viability reduction of DKO in ME. To test the 
hypothesis, colony forming assay was performed. As expected, DKO of both h90 and 
MBY266 had only 30% of the viability of their respective wild type strains (Fig4.17). To 
verify if the impairment of mating ability was caused by TAG deficiency, plasmid 
bearing plh1+ or dga1+ was reintroduced into h90 wild type and DKO cells. Fig4.18 
showed that overexpression of either plh1+ or dga1+ in DKO could recover the majority 
of mating abilities. 
4.2.4 Growth property of DKO of 266 and h90 in ME 
To identify if DKO in ME undergoes apoptosis-like cell death, TUNEL assay and 
DAPI staining were carried to look for apoptotic markers: DNA fragmentation and 
condensation. To our surprise, this time, we did not observed any abnormal nuclear 
morphology. DAPI staining demonstrated a single crescents-like nucleus in each DKO 
cell. Meanwhile, the absence of positive TUNEL staining indicated the absence of DNA 
cleavage (Fig 4.19). The results also suggested that DKO cells in ME might be under 
irreversible growth arrest. 
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4.3 Lipid profiles under deficiency of DAG esterification  
As shown in Chapter III, the final step of synthesis of TAG in yeast S.pombe is the 
esterification of DAG by two different enzymes Plh1p or Dga1p, with phospholipids or 
acyl-CoA as acyl chain donor respectively, which exhibits a redundant biosynthetic 
system of TAG. As reviewed previously, in eukaryotes, TAG is the most condensed 
molecule form for energy store, and thus plays an essential role in energy storage and 
energy balance. It also serves as a store for essential or non-essential fatty acids and 
signal or non-signal molecule DAG (Sorger.D, et al, 2003). In addition, TAG is utilized 
as fatty acid donor or precursor for membrane biogenesis, as has been shown with yeast, 
especially during depletion of fatty acids (Leber et al. 1994). In yeast, a well-known 
phenomenon is that a substantial amount of TAG is accumulated, especially during the 
late exponential and stationary phase, or after exhaustion of certain growth medium 
components (Rattray, J. B., et al, 1975). Therefore, a genetic block of TAG production 
must have huge and direct impact on metabolism of DAG, fatty acids and phospholipids, 
as well as adjustment of energy distribution of yeast during different growth phases. Due 
to the loss of DAG esterification capability in DKO cells, DAG and long chain fatty acids, 
two signaling molecules and major substrates for TAG synthesis, could accumulate upon 
entry into the stationary phase. In addition, without TAG, sterol ester as another neutral 
lipid molecule may have to bear the burden for energy storage and fatty acids scavenging. 
Therefore, we examined the quantity of DAG and palmitic and oleic acids in wild type 
and DKO strains in either log phase or stationary phase. Then, we measured the rate of 
oleic acid or palmitic acid incorporation into sterol ester and phospholipids in the above 
two phases. In addition, we also investigated metabolism of lipids under high salt stress.  
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4.3.1 Fatty acid metabolism  
In an attempt to study the effect of the lack of DAG esterification on fatty acid 
biosynthesis, we examined fatty acid biosynthesis and total fatty acid levels in both 
exponential phase and stationary phase.  
4.3.1.1 Fatty acid biosynthesis  
Cells of wild type and DKO were incubated with [14C] acetate for 3 hours, and total 
lipids were extracted and saponified (see materials and methods). Fatty acid was isolated 
and the radioactivity was counted. As shown in Fig 4.20, the rate of fatty-acid-
biosynthesis is a little higher in DKO cells during both exponential phase and stationary 
phase. However the difference is not significant. The results show that even in stationary 
phase where the TAG is supposed to accumulate, the defect in TAG synthesis does not 
result in an abnormal rate of fatty acids synthesis. But it should be noted that at stationary 
phase, fatty acid biosynthesis rate is much higher than that in log phase. For example, the 
ratio of fatty acid to sterol is 7.8 and 9.0 for wild type and DKO respectively in log phase 
while the value reached 12 for wild type and 17 for DKO in stationary phase. 
4.3.1.2 Total fatty acid levels 
Cells were grown to OD595= 1.0-1.2 (late log phase) or 3.5-4.0 (late stationary 
phase). As described in “materials and methods, total fatty acids were obtained through 
hydrolysis of cell contents with perchloric acid and extraction with hexane. Total fatty 
acid levels of wild type and DKO cells were measured by gas chromatography/mass 
spectrometry. Fig 4.21.1 and 4.21.2 show that although DKO contains a little higher total 
fatty acid levels (common fatty acids: oleic acid and palmitic acid) than those in wild 
type, the difference is not significant. 
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4.3.2 DAG biosynthesis at steady state increased markedly in DKO mutants upon 
entry into stationary phase. 
Since TAG is generated through the esterification of DAG, it is necessary to 
determine whether a TAG biosynthesis defect would influence the levels of DAG. Cells 
were grown in rich medium and labeled with [3H] oleic acid for 18-22 hrs till they were 
at mid-log phase or began to exit log phase. In this steady-state, the incorporation of  [3H] 
oleic acid into DAG can be used as an indication for total DAG level. As shown, when 
cells at late log phase (OD595=1.1-1.2), the level of DAG in DKO is more than 3 times 
higher than that in the wild type (Fig 4.22). When cells were in log phase, significant 
difference in DAG between wild type and DKO was not observed (Fig 4.23). 
4.3.3 Assay for [3H] oleate incorporation into phospholipids and ergesterol ester in 
DKO and wild type cells 
To determine whether defective TAG biosynthesis would influence the biosynthesis 
of phospholipids and ergosterol ester, we perform [3H] oleate incorporation assay. Cells 
were grown to mid-log phase, labeled with [3H] oleic acid for 30 mins and lipids were 
extracted, separated by TLC and stained with iodine vapor. Phospholipid and ergesterol 
ester lanes were cut respectively according to the lipid standards, put into 5 ml of 
Betamax and the radioactivity was quantified with scintillation counter. As shown in Fig 
4.24, compared to wild type, [3H] oleate incorporation into phospholipds in DKO mutants 
was about two times higher in log phase whereas similar increase of fatty acid 




4.3.4 DAG level under high salt stress 
To determine whether TAG biosynthesis defect would induce accumulation of DAG 
in high salt stress as the case upon stationary phase entry, we performed the in vivo [3H] 
oleate incorporation assay. Cells were grown to early-log phase, labeled with [3H] oleic 
acid and treated with 0.7M KCl for 2.5 hours. Lipids were extracted, separated by TLC 
and stained with iodine vapor. Lipid lanes were cut according to the lipid standards, put 
into 5 ml of Betamax and the radioactivity was scored. As shown in Fig 4.25, when cells 
were grown in high salt, the biosynthesis of DAG, TAG and sterol ester were all 
generally increased in both wild type and mutant cells. However, marked increase in 
TAG synthesis was observed in wild type cells upon exposure to high salt; whereas a 
prominent DAG increase was observed in DKO cells. In addition, although the absolute 
quantity of DAG creation was also mildly augmented in wild-type, if we compared their 
DAG biosynthesis percentage, the ratio of DAG biosynthesis to total lipids production 
decreased in wild type cells while increased dramatically in mutant cells (Fig 4.26). All 
these results suggest that, under high salt stress, cells ccumulate DAG as a result of a 
block in TAG synthesis cells. 
4.4 Summary 
DKO lost viability upon entry into stationary phase. Compared with wild type, DKO 
cells were more vulnerable to stress conditions such as oxidative stress and high salt 
concentrations. The cell death of DKO upon entering stationary phase and oxidative 
stress, high salt concentrations was accompanied with apoptosis hallmarks: nuclear DNA 
fragmentation, chromatin condensation, exposure of PS, and generation of reactive 
oxygen species. In addition to cell death of DKO cells under stress conditions, absence of 
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TAG synthesis also caused a compromised mating efficiency, which in turn could be due 
to the decreased viability of the cells under starvation conditions. However, intriguingly, 
cell death in ME medium was not accompanied with apoptosis markers as the case in rich 
medium, suggesting nitrogen depletion environment might induce irreversible cell growth 
arrest in DKO.  
Lastly, our study showed an altered lipid profile in DKO under the absence of TAG 
synthesis. The steady state levels of DAG markedly increased in DKO mutants upon 
entry into stationary phase. Percentage of DAG biosynthesis also increased prominently 
under high salt concentrations. However, on the other hand, block of TAG synthesis 
exerted little influence on the total fatty acid levels and its biosynthetic rate.  Biosynthesis 
of ergosterol ester did not increased upon stationary phase but under high salt stress. In 
contrast, wild type accumulated TAG upon stationary phase entry and high salt treatment. 
The percentage of DAG biosynthesis was reduced in wild type under high salt 




















































Fig 4.1 The growth curve of S.pombe cells in the rich medium from stationary phase 
cultures. Stationary phase cells were refreshed in the rich medium and grown again to the 
stationary phase. A lag period of 20 hrs was invariably observed in the double mutant. The 
final optical density of DKO was always lower than that of the wild type. The result shown is 


























Fig 4.2 The growth curve of S. pombe cells in the rich medium from log phase cultures. 
Log phase cells were innoculated in the rich medium and grown again to the stationary 
phase. No lag phase in the onset of log phase was observed in the DKO. The final optical 


















































Fig 4.3. DKO cells cannot maintain viability upon stationary phase entry and respond normally 
to nutrient starvation. The viability of the cells at different optical densities (cell densities) was 
determined by colony-forming assay. Upon entry into stationary phase, with increasing cell densities, 
DKO exhibited a concomitant decrease in viability. The result shown is representative of two 
independent experiments performed in triplicates. 
WT DKO
Fig 4.4 Phloxin B staining at early stationary phase. Cells were grown to early stationary phase 
(OD5952.3-2.5), and then incubated with phloxin B for 5 minutes. Cells were collected and viewed 
using Leica DMLB microscope. DKO displayed extensive staining, suggesting cell death upon entry 

















































Fig 4.5 The growth curve of S.pombe in EMM medium. Stationary phase cells were 
inoculated into fresh medium and grown to stationary phase. No lag in the onset of log 
phase was observed in the DKO. The final optical density of DKO was closed to that of the 
wild type upon entering stationary phase. 
 
Fig 4.6.1. DAPI staining of wild type cells and DKO cells at stationary phase. Cells were 
grown in YES medium until final OD595 value remained constant for two days. Cells were 
fixed with 3.7% formaldehyde for 10 mins, washed once with PBS containing 4% NP40 and 
twice with PBS, and then stained with DAPI. Cells were viewed using Leica DMLB 
microscope.  As shown, remarkable nuclear DNA fragmentation was observed in the majority 

































Fig 4.6.2. TUNEL assay of wild type cells and DKO cells at stationary phase. 
Cells were grown in YES medium until final OD595 value remained constant for 
two days. Cells were fixed with 3.7% formaldehyde for 1 hour and TUNEL staining 
was performed as described in chapter II. After that, cells were washed with PBS 
twice and were viewed using Leica DMLB microscope.  As shown, extensive DNA 






Fig4.6.3. Annexin V assay of wild type cells and DKO cells at stationary phase. Cells 
were grown in YES medium until the OD595 value was about 1.2-1.4. Cells were harvested 
and annexin V assay was carried out as described in chapter II. As shown, strong 
fluorescence could be seen in the periphery of DKO cells, suggesting that 
phosphatidylserine is indeed exposed to the outer leaflet of plasma membrane. Membrane 




























Fig 4.7 ROS by dihydroethidium staining at stationary phase. Wild type and DKO cells were 
treated with dihydroethidium, which can be oxidized by ROS to fluorescent ethidium. Intracellular 
level of ROS is directly propotional to the fluorescence. An intracellular level of ROS is directly 
proportional to the fluorescence. As shown, over 50% of the mutant cells at the stationary phase 






































Fig 4.8 Growth of the DKO cells under stress conditions. For high salt, osmotic, and oxidative stress treatment, 
overnight cultures of log phase wild type and DKO cells (OD595 0.45-0.65) were spotted onto YE agar plates 
supplement with 1M KCl, O.2M NaCl, 1M sorbitol or 2 mM  H2O2  and incubated for 5-8 days at 30°C. For heat 
shock stress treatment, cells were withdrawn from mid-exponential-phase cultures grown at 26°C for overnight and 
transferred into fresh YES medium. Pre-treated cells were preincubated at 39°C for 1hr, and then transferred to lethal 
heat shock at 48°C for 40 minutes. Non- pretreated cells were incubated at 48°C for 40 minutes directly. Cell 


































Fig 4.9 Growth of DKO transformed with plasmids harboring either one of the TAG 
synthetic genes plh1+ or dga1+. DKO cells bearing plh1+ or dga1+ overexpression or 
empty plasmids were grown in synthetic medium (EMM) lacking leucine to early log 
phase (OD595= 0.35) and shifted to YES for 2 hours until OD595 reached 0.7. Cells were 
spotted on EMM lacking leucine agar plates supplement with 2M KCl or 2.5 mM H2O2
and incubated at 30°C for 5-8 days. As shown, overexpressiion of plh1+ or dga1+ in DKO 
cells was helpful to increase viability of cells in oxidative stress and high salt 
concentrations. 
Fig 4.10.1 Viability test of wild type and DKO under high salt concentrations.
DKO and wild type cells were grown in YES medium to mid-log phase. Cells 
were shifted into YES supplemented with 0M, 0.3M or 0.7M KCl and incubated 
for 2 hours. Cell viability was subsequently determined by colony forming assay. 
As shown, compared to wild type cells, much more DKO cells lost viability in 









































































































Fig 4.10.2 Viability test of wild type and DKO in hydrogen peroxide treatment. 
DKO and wild type cells were grown in YES medium to mid-log phase. Cells were 
shifted into YES supplemented with 0mM, 0.5mM or 1.0mM H2O2 and incubated for 2 
hours. Cell viability was subsequently determined by colony forming. As shown, 









































































KCl 0.7 M KCl 1.5 M
WT
DKO
KCl 0.7 M KCl 1.5 M
DAPI Staining 
TUNEL  
Fig 4.11 DAPI staining and TUNEL assay in cells at high concentration of KCl. 
Logarithmic phase wild type and DKO cells were incubated with KCl at indicated 
concentrations for 2 hours. Cells were collected and TUNEL assay & DAPI staining 
were subsequently performed as described. DKO cells exhibited DNA fragmentation 
at KCl concentration of 0.7M while wild type cells displayed normal nuclei. When 
concentration of KCl reached 1.5M, DNA fragmentations were observed in both 



























H2O2 0.5m M H2O2 1m M
DAPI Staining 
TUNEL  
Fig 4.12 DAPI staining and TUNEL assay of cells in H2O2 treatment. Logarithmic 
phase wild-type and DKO cells were incubated with H2O2 at indicated concentrations for 
2 hours. Cells were collected and TUNEL assay & DAPI staining were subsequently 
performed as described. DKO cells exhibited DNA fragmentation 0.5mM of hydrogen 
peroxide while wild type cells displayed normal nuclei. At the concentration 1.0mM, 
DNA fragmentations were observed in both wild type and DKO.  
WT
DKO

























Fig 4.13 Viability of h90 WT and DKO in YES medium upon entry into stationary phase.
Both Logarithmic phase wild type and DKO were regrown in YES till cell density reached 
OD595 4.1. Cell viability was determined by colony-forming assay. Cultures were seially 
diluted properly, plated on YES plates and incubated in 300C for 3 days.  As shown  h90 DKO 
also lost viability upon entry into stationary phase.                                                                       
Fig 4.14 DAPI staining and TUNEL assay of h90 WT and DKO in YES medium upon 
entering stationary phase in rich medium (YES). Cells were grown in YES medium until 
the OD595 value remained constant for two days. Cells were harvested. DAPI staining and 
TUNEL assay were performed as described. DNA fragmentation and nuclei were visualized 
under fluorescent microscopy. Condensed nuclei and DNA fragmentation were observed in 
h90 DKO cells while wild type exhibited normal nuclear morphology in DAPI staining and 


































































































































































2nd Day 4th Day 6th Day
Fig 4.15 Mating behavior of h90 WT and DKO at late stationary phase in rich medium YES.
Same number of wild type and DKO cells at late logarithmic phase (OD595=1.0) were streaked 
on YES agar plates and incubated at 30°C for 7 days. From the second day of the incubation, cells 
were picked from plates every 2 day and observed under light microscopy. As shown, the mating 
ratio of h90 DKO is much less than WT. The appearance of zygotes in DKO is also delayed. 
Fig 4.16 Mating behavior of h90 WT and DKO in ME. Cells at early log-phase (OD595 0.3) 
was shifted from YES to ME medium and incubated for 12 hours. Cells were collected and
observed under light microscopy.  As shown, there was no sporulation observed in DKO, 



























Fig 4.17 Viability test of MBY 266 and h90 strains in ME. Cells were 
grown in YES medium to OD595=0.52, and then transfered to ME medium. 
After 3 hourrs incubation in ME, colony forming assay were performed to 
test the viability. As shown in the figure, DKO of both h90 and MBY 266 
strains kept only 30% viability as their respective wild type strains. 
Fig 4.18 Mating ability of DKO with overexpression of plh1+ or dga1+. h90
DKO cells with plh1+ or dga1+ overexpression were grown in EMM selective 
medium to early log-phase (OD595=0.3) and shifted into ME medium. After 12 
hours incubation in ME, cells were harvested and observed under light 
microscopy. As shown, overexpression of TAG synthetic genes restored the 







































































Fig 4.19 DAPI staining and TUNEL assay of h90 WT and DKO in ME. Cells were 
grown in YES medium to OD595 of 0.5, and then transfered to ME. After 3 hours’ 
incubation in ME, DAPI staining and TUNEL assay were performed as described. As 
shown in the figure, DNA fragmentation and condensation did not occur when cells were 
grown in ME medium, suggesting cells might undergo irreversible growth arrest. 


























Fig 4.20 Fatty acid biosynthesis ratio at stationary-phase and log-phase. Wild 
type and DKO cells were incubated with [14C] acetate for 3 hr, and total lipids 
were extracted and saponified. Fatty acid was isolated and the radioactivity was 
counted as described. The figure shows that the defect in TAG synthesis does not 





































































































































































































































































































































































































































Fig 4.21.1 Total fatty acid level at early stationary phase. Cells were grown 
overnight to OD595 of 1.0-1.2 (late log phase) As described in “Materials and 
Methods, total fatty acids were obtained through hydrolysis of cell contents with 
perchloric acid and extraction with hexane. Total fatty acid levels of wild type and 
DKO cells were measured by gas chromatography/mass spectrometry. Figures show 






















































Total oleic acid at late stationary phase
Fig 4.21.2 Total fatty acid level at late stationary phase. Cells were grown 
overnight to OD595 3.5-4.0 (late stationary phase). As described in “Materials and 
Methods”, total fatty acids were obtained through hydrolysis of cell contents with 
perchloric acid and extraction with hexane. Total fatty acid levels of wild type and 
DKO cells were measured by GCMS. Figures show that no significant difference 






































Fig 4.22 Steady state DAG level at stationary phase. Cells were grown in rich 
medium and labeled with [3H] oleic acid for 18-22 hours till they began to exit log 
phase. Incorporation of  [3H] oleic acid into DAG was detected by TLC and scitillation 















Fig 4.23 Steady state DAG level at log phase. Cells were grown in rich medium and 
labeled with [3H] oleic acid for 18-22 hours untill they were in log phase. Incorporation of 
[3H] oleic acid into DAG was detected by TLC and scitillation counting. As shown, there is 


























Fig 4.24 [3H] Oleate incorporation into phospholipids at log phase. Compared with 
wild type, DKO has approximately two times higher [3H] oleate incorporation into 
phospholipds. Compared with wild type, biosynthesis of phospholipids is slightly higher 
in Δplh1while a unchanged in Δ dga1. However, DKO cells exhibited the highest [3H] 









































































































Fig 4.25 [3H] Oleate incorporation into DAG under high salt concentrations Cells were 
grown to early-log phase, labeled with [3H] oleic acid and treated with 0.7M KCl for 2.5 hrs. 
Lipids were extracted, separated by thin layer chromatography (TLC) and stained with iodine 
vapor. Lipids lanes were cut according to the lipid standards, put into 5 ml Betamax and the 
radioactivity was counted. As shown, there is dramatical increase of DAG biosynthesis in DKO. 








































Fig 4.26 DAG biosynthesis percentage under high salt concentration. Cells were 
grown to early-log phase, labeled with [3H] oleic acid and treated with 0.7M KCl for 
2.5 hrs. Lipids were extracted, separated by thin layer chromatography (TLC) and 
stained by iodine vapor. Lipids lanes were cut according to the lipid standards, put into 
5 ml Betamax and the radioactivity was counted. DAG biosynthesis percentage was 
obtained through ratio of DAG amount to total lipids amount. As shown biosynthesis 
of DAG increased in DKO under high salt concentration while it decreased in wild-
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Chapter V Role of DAG and sphingolipids in cell death of DKO  
 
5.1 Introduction 
      As shown by the last chapter, there is a marked increase in DAG, but not fatty acid in 
the DKO cells under stress conditions.  Fatty acid can potentially be channeled into the 
synthesis of DAG or sphingolipids. Lying at the branchpoint between phospholipids, and 
TAG biosynthesis (Figure1.1), DAG is the key and sensitive point for the regulation of 
the synthesis and degradation of TAG, glycerophospholipids and glyceroglycolipids. 
DAG is also an intracellular lipid second messenger that is implicated in cell proliferation, 
differentiation and apoptosis (Colmen R.A., et al, 2004). On the other hand, sphingolipids 
such as ceramide are also reported to be involved in apoptosis. Therefore, in this chapter, 
we intend to explore the roles of DAG and sphingolipd in the death of the DKO cells. 
5.2 Role of DAG accumulation in the cell death of DKO 
      As a second lipid messenger, in addition to its most prominent target protein kinase C 
(PKC) family, recently, DAG is also reported to modulate the function of at least 5 
different types of target proteins including chimaerins, protein kinase D1, RasGRPs, etc 
(Idris I, et al, 2001; Brose. N. and Rosenmund. C., 2002). After activation by DAG, these 
proteins are believed to regulate a multitude of molecular processes, ranging from cell 
proliferation, migration, apoptosis and differentiation to lipogenolysis and glycogenolysis 
as well as hormone exocytosis and protein secretion (Wakelam, 1998; Hodgkin et al., 
1998; Goni and Alonso, 1999).  Thus, to carefully control the intracellular concentrations 
and spatial distribution of DAG is important to maintain the normal functions of a cell. It 
is therefore conceivable that abnormal intracellular DAG level will likely be harmful to 
the cells, which led to our hypothesis that accumulated DAG may be the main cause for 
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the cell death of DKO at early stationary phase, stress conditions and ME exposure. We 
reasoned that if the cell death of the double mutant cells was indeed caused by 
accumulation of DAG upon entry into the stationary phase, we should be able to kill 
exponentially growing cells with exogenously added DAG. We therefore treated log 
phase cells with a membrane-permeable DAG analog called1, 2-dioctanoyl-sn-glycerol 
(DiC8 DAG). 
5.2.1 Detection of cell death induced by DiC8 DAG 
      DiC8 DAG is short acyl chain DAG, which can be dissolved in DMSO and uptaken 
by the cells from the medium. 
5.2.1.1 Growth of cells on YES plate containing high concentration of DAG 
      As seen in Fig 5.1, on plate containing 0.3μΜ DAG at the cell density of 1.2X106 
cells/ml (second lane from the left on the plate), in contrast with wild type, DKO could 
not grow. However, at low density of 1.2X104 cells/ml, even the wild type failed to grow. 
This is therefore a cell density dependent mode of DAG response, which is similar to the 
result we observed under oxidative stress and high salt concentrations in Chapter IV. 
5.2.1.2 Viability test under high concentration DAG treatment 
      To quantitively determine the viability of cells when exposed to high concentration 
DAG, colony forming assay was performed. Early log phase cells were treated with 
various concentrations of DAG for 0–3 hours. As expected, prominent cell death (ranging 
from 50-80%) was observed in the DKO strain, but not in the wild type at DAG 
concentration of 0.1 and 0.2 μΜ for 2 hours incubation. However, when the concentration 
of DAG was raised to 0.3 μΜ for 2 hours, almost 40% and 90% of wild type and DKO, 
respectively lost viability. (Fig 5.2 shows the viability under 0.2μM DAG treatment)  
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5.2.1.3 Cell morphology under DAG treatment 
      To identify the mode of cell death of DKO treated with DiC8 DAG, cells were 
processed and examined for apoptotic markers. TUNEL and DAPI staining revealed 
massive DNA cleavage in DKO cells. The percentage of cells showing DNA 
fragmentation generally increased with time (up to 3 hours) and concentration of DAG 
(up to 0.3 μM) from 20% to 90%, suggesting a concentration and duration dependent 
stress response. The results of cells treated with 0.2 mM DAG for 2 h are shown in Fig 
5.3. 
5.2.2 Role of DAG at high concentration of fatty acid treatment  
      To further investigate the possible role of DAG in yeast apoptosis, we focused our 
attention on free fatty acids. We reasoned that if DAG were indeed the apoptosis-
inducing molecule in the DKO cells, treating the cells with free fatty acids could similarly 
trigger apoptosis, because excessive free fatty acids could increase the production of, 
among other molecules, DAG, the direct precursor of TAG.  
5.2.2.1 Viability under high concentration fatty acid treatment 
      We treated wild type and DKO cells with different concentrations of palmitic acid and 
oleic acid. Colony forming assay were performed as described to quantitatively determine 
the cell viability. Not surprisingly, as illustrated in figure 5.4, the DKO cells were much 
more sensitive to fatty acid as compared to the wild type, especially at high 
concentrations. When the concentration of palmitic acid reached 0.5 mM, about one half 
of DKO lost the viability while wild type still maintained similar viability as that in the 
untreated group. The toxicity of palmitic acid increased with increasing concentrations. 
1mM palmitic acid could kill almost all DKO and even more than 40% of wild type cells.  
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Meanwhile, oleic acid demonstrated a mild toxicity compared with palmitic acid. DKO 
cells maintained viability until the concentration of oleic acid reached 1mM; and the 
viability of wild type seemed not to be affected when the concentration of oleic acid was 
as high as 1mM.  
5.2.2 2.  Cell death under high concentration of fatty acid exposure 
      To identify the mechanism of cell death in fatty acids treatment, TUNEL assay and 
DAPI staining were performed to observe morphology of nuclei. As seen in Fig 5.5.1, at 
concentration of 1mM, both palmitic acid and oleic acid caused DNA fragmentation and 
condensation in DKO. TUNEL assay in Fig 5.5.2 showed strong green fluorescence in 
DKO cells, indicating an extensive DNA cleavage. In addition, in agreement with results 
from colony forming assay, DNA damage was more severe in palmitic acid treatment 
than in oleic acid treatment, confirming a higher toxicity of palmitic acid under treatment 
conditions.   
5.2.2.3 DAG level under fatty acid treatment 
      To prove that the fatty acids-induced apoptosis is caused by DAG accumulation, we 
first measured cellular DAG level after fatty acids were added to growth media. Because 
steady-state labeling would not be a feasible method to estimate DAG in this case, a DAG 
kinase kit was used instead to estimate cellular DAG after cells were incubated with 0.8M 
palmitic acidor oleic acid for 2 hours. As expected, Fig 5.6 showed that the DAG level in 
DKO cells increased from 1 nmol/mg dry weight before addition of palmitate to 3.5 
nmol/mg of dry weight after a 2-h incubation. In wild type cells, the change was mild 
(from 1 to 1.5 nM/mg of dry weight). With oleate, there was a less but significant increase 
in DAG level (from 1 to 2.5 nM/mg of dry weight) in DKO cells. The different effects of 
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palmitic acid or oleic acid could be due to substrate preference of glycerol-3 phosphate 
acyltransferases in S. pombe. In fact, it has been demonstrated in S. cerevisiae that 16-
carbon fatty acids are preferred substrates of Gat2p, one of the two newly identified 
enzymes that control the initial steps of glycerolipid synthesis (Zheng, Z., and Zou, J. 
2001).  
5.2.2.4 Viability test of DKO with overexpression of dgk  
      To further prove that fatty acids cause apoptosis through increased de novo synthesis 
of DAG, we tested whether removal of DAG could attenuate palmitic acid/oleic acid-
induced apoptosis. A bacterial DAG kinase (DGK) was overexpressed in the double 
deletion strain under the control of a modified nmt1 promoter (Basi, G., et al, 1993; 
Lightner, V. A., et al, 1983).  
5.2.2.4.1 Detection of DAG Kinase activity 
      Escherichia coli DAG kinase is an integral membrane protein (Hoffmann, R., and 
Valencia, A, 2004). Thus, to measure the activity of DAG kinase, we extracted the total 
protein from the cells overexprrssing dgk. Quantity of total protein was determined with 
the Bio-Rad protein assay kit assay, with BSA as standard. The reaction for enzyme 
activity was conducted with the DAG kinase kit. The enzyme activity was determined by 
[γ-32P]ATP incorporation into phosphatidic acid. After reaction, products and reactants 
were separated by TLC in hexane/methanol/acetic acid (70:30:1, by vol.). Radioactivity 
was detected and quantified by phosphorimage analysis (Molecular Dynamics; Scanner 
SI). The amount of 32P-labelled phosphatidate is quantified in phosphorimage units for 
chromatographic profiles. Kinetic parameters were determined with the Enzfitter program. 
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The result showed a DAG kinase activity of 35 pmol/min/mg in overexpression strains, 
over 5-fold higher than basal activity. 
5.2.2.4.2 Viability test of DKO with overexpression of dgk  
      Colony forming assay was performed in wild type and DKO bearing empty vector or 
vectors harboring dgk. As shown in Fig 5.7, 2 hours exposure to 1mM palmitic acid or 
oleic acid killed 95% or 85%, respectively of DKO transformed with empty vectors. In 
contrast, nearly 60% DKO containing plasmids of dgk overexpression survived under 
palmitic acid treatment and in oleic acid treatment the viable ratio was as high as 70%. 
The results suggested that DKO survived as a result of DGK overexpression.  
5.2.2.4.3 Cell morphology identification of DKO with dgk overexpression under fatty 
acid treatment 
      Evidence obtained from DAPI staining and the TUNEL assays further validated that 
dgk expression could rescue DKO from fatty acid induced cell death. Significantly fewer 
cells with dgk expression showed positive TUNEL reaction and hence DNA 
fragmentation (Fig 5.8). Based on these results, we could conclude that the apoptogenic 
effect of fatty acids is mediated, if not exclusively, by DAG. 
5.2.3 Viability of DKO with dgk overexpression in ME medium 
      In Chapter V, we demonstrated that DKO cells cultured in ME lost both viability and 
mating ability. In addition, different from the apoptosis-like cell death at early stationary 
phase, oxidative stress and high salt concentrations, DKO cells grown in ME displayed 
terminal cell death phenotype and might experience irreversible growth arrest, implying 
diverse signaling pathway might evolve in S. pombe to react to nutrient starvation of 
different natures. Although as shown earlier, DAG causes apoptosis-like cell death, 
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considering the complicated roles of DAG and diversity of signaling pathways employed 
by fission yeast to response to stresses, it is highly possible that the molecule is also 
involved in the putative growth arrest of DKO occurring in ME medium. To test the 
hypothesis, DKO with or without dgk overexpression were shifted at middle log-phase 
from EMM medium to ME medium. After 3 hours exposure, viability of cells was 
determined through colony forming assay. Fig 5.9 shows improvement of viability of 
DKO by dgk overexpression that the number of viable cells of dgk overexpression strains 
is more than two times higher than that of cells bearing empty vectors, similar to the case 
of high concentration fatty acid treatment.   
5.2.4 C1 treatment 
      To ascertain that DAG accumulation initiates apoptosis-like cell death in yeast, we 
treated cells with a purified photoproduct of merocyanine 540 (compound C1), which has 
earlier been shown to induce apoptosis in human tumor cell lines that is caspase-
dependent and associated with mitochondrial changes (Pervaiz, S., et al, 1999). We also 
sought to know if DAG accumulation was indeed mechanism through which this 
compound triggered apoptosis in S. pombe, the overexpression of dgk could inhibit such 
an effect. 
Both wild type and DKO were grown in YES to mid-log phase (OD595 0.45-0.5). C1 
was added into the medium and incubated for two hours. After that, cells were collected 
for colony forming assay and cell morphology analysis (DAPI staining). As show in Fig 
5.10 50μg/ml C1 killed most of the DKO. Even 30% wild type cells were unviable at this 
concentration. DAPI staining demonstrated extensive DNA fragmentation in both DKO 
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and wild type, although the DNA fragmentation of the former was much extensive than 
the latter (Fig 5.11). 
   To find out if dgk overexpression will rescue cells from the cytotoxicity effect of 
C1 in fatty acid treatment, log phase wild type and DKO cells harboring either empty 
vectors or dgk overexpression plasmid were incubated in medium containing 50μg/ml C1 
for 2 hours. After incubation, colony forming assay and DAPI staining were performed to 
test for the viability and examine nuclear morphology, respectively. As expected, dgk 
overexpression in DKO was effective to recover the viability of cells under C1 treatment. 
Fig5.12 shows that with dgk overexpression, more than half of DKO regained the ability 
to survive C1 treatment. DAPI staining also showed the reduction of DNA fragmentation 
in dgk overexpressing cells (Fig 5.13).  
5.3 Role of sphingolipids in the cell death of DKO 
      In the earlier study, we demonstrated the cell toxicity of fatty acids was exerted 
through DAG accumulation. We also noticed that compared with oleic acid, palmitic acid 
possessed much higher lethal effect. Considering palmitic acid is the key precursor for de 
novo synthesis of sphingolipids (Alfred, H. and Merrill, Jr., 2002), we suspected that 
under TAG absence, incorporation of extra palmitic acid into sphingolipids, some of 
which are potent pro-apoptotic molecules in other experimental systems (Hannun, Y. A., 
1996; Verheij, M., et al 1996; Santana, P., et al, 1996; Alfred H. and Merrill Jr, 2002), 
may also contribute to apotosis-like cell death under stress conditions. To determine 
whether dihydrosphingosine (DHS), or ceramide plays a role in palmitate-induced 
apoptosis, wild type and DKO cells were treated with various concentrations of DHS, or 
C2-ceramide for different periods of time (0–3 hours).  
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5.3.1 Viability in ceramide treatment 
      Early log phase cells grown in rich media were incubated with various concentrations 
of C2-ceramide for 2hours or 3hours. Viability was quantitatively determined through 
colony forming assay. As expected, compared with wild type, DKO was more susceptible 
to ceramide treatment. As those under fatty acid treatment, the cell death of DKO is 
concentration and duration dependent. Fig 5.14 showed that 2 hours after incubation with 
C2-ceramide, about 45% DKO were killed by 10μM ceramide. The lethal ratio reached 
90% at concentration of 20μM, indicating a concentration dependent toxic profiles of 
ceramide. Compared with DKO, wild type was more resistant to ceramide.  Majority of 
wild type cells are unaffected at concentration of 10 μM while more than 50% of wild 
type  cells still maintained viability at the concentration of 20 μM. 
 5.3.2 Viability in DHS treatment  
      Early log phase cells grown in rich media were incubated with various concentrations 
of DHS for 2hours or 3hours. As seen in Fig 5.15, after two hour incubation, at low 
concentration of DHS (2μg/ml and 4μg/ml) DKO and wide type demonstrated similar 
viability. About 35% of wild type and 40% DKO could not survive at concentration of 
DHS 4μg/ml. The sharp difference in viability between the two strains occurred only 
when the concentration was increased to 8μg/ml. Under this condition, more than 95% 
DKO were killed whereas 35% wild type cells maintained viability. 
5.3.3 Cell morphology in ceramide and DHS treatment 
      In order to unveil the mechanism of cell death in ceramide and DHS treatment, we 
performed DAPI staining and TUNEL assay to examine the cell morphology. It was 
found that neither ceramide nor DHS treatment could produce DNA cleavage, 
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fragmentation or condensation. (Fig 5.16, 5.17) Microscope images demonstrated 
separated single cells bearing only one normal crescent shape nuclei, which might be due 
to irreversible cell growth arrest. These data are consistent with previous findings that 
ceramide causes cell cycle arrest, not apoptosis, in S. cerevisiae (Fishbein, J. D., et al, 
1997). And it also implies that sphingolipids may trigger a very different signal pathway 
leading to cell death in S.pombe.  
5.3.4 Viability in fumonisin B1 and myriocin treatment 
      To further identify the role for sphigolipids in the cell death, we also examined the 
effect of fumonisin and myriocin on the growth of double deletion cells treated with 0.8 
mM palmitate.  
5.3.4.1 fumonisin B1 
      Fumonisin B1 is an inhibitor of ceramide synthase, which is reported to disrupt 
sphingolipid, phospholipid and fatty acid metabolism and cause cell death and 
regenerative cell proliferation mediated through sphingolipid signalling pathways 
(Merrill AH. Jr, et al 2001). We treated DKO cells with different concentration fumonisin 
in YES medium with or without 0.8mM palmitic acid. As expected, no rescue of cell 
death was observed, and as a matter of fact, more DKO cells underwent cell death in the 
presence of fumonisin B1 (Fig 5.18). The viability ration is about 30%, 16% 1nd 10% for 
palmitic acid (0.8mM) treatment group, fumonisin (0.226mM) treatment group and both 
palmitate and fumonisin treatment group, respectively. Meanwhile. DAPI staining 
demonstrated a much more severe DNA fragmentation in group treated with both 
palmitate and fumonisin (Fig 5.19), compared with those incubated with only palmitic 
acid or fumonisin. 
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5.3.4.2 myriocin 
Myriocin is an inhibitor of serine palmitoyl transferase (Chalfant CE., et al, 2001) 
which blocks the first step in de novo synthesis of ceramide. To seek if the reduction of 
ceramide synthesis would influence cell death under fatty acid stress, we treated DKO 
cells with different concentrations of myriocin in medium containing 0.5mM palmitic 
acid. Colony forming assay was performed to test the viability and TUNEL and DAPI 
stainings carried out to examine the cell morphology.   
   As expected, no rescue of apoptosis-like cell death was observed, and as a matter of 
fact, more cells underwent apoptosis-like cell death in the presence of myriocin (Fig 5.20, 
5.21). Myriocin itself killed almost all DKO. Interestingly, addition of palmitate seemed 
rescue a few of cells in that DKO maintained 5-15% viability in groups treated with both 
myriocin and palmitate. These results suggest that sphingolipids are not involved in 
palmitate-induced apoptosis-like cell death in S. pombe but are possible to induce cell 
growth arrest in ME medium.  
5.4 Summary 
      Exogenous DAG and fatty acids caused apoptosis-like cell death in DKO. DKO was 
more sensitive to palmitic acid than to oleic acid. Incubation of cells with fatty acids 
dramatically increased DAG level in DKO. dgk overexpression rescued DKO from fatty 
acids and C1 treatment. dgk overexpression also increased the viability of DKO in ME 
culture. The results suggest that DAG is responsible for cell death of DKO upon stress 
conditions and that fatty acids exert their effects through induction of DAG synthesis. 
On the other hand, exogenous ceramide and DHS did not induce apoptosis-like cell 
death in DKO in rich medium. However, cell death of DKO under sphingolipid treatment 
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was not accompanied with apoptosis markers. On the contrary, in the absence of TAG 
synthesis, inhibition of sphingolipids production triggered cell death bearing typical 
apoptosis marker in DKO: DNA fragmentation and condensation, suggesting 









































































Fig 5.1 Cell viability on plate containing 300μM DAG. Cells at log phase were spotted 
onto YE agar plates supplemented with 300μM DAG and incubated for 3 days at 300C. As 
shown, at the cell density of 1.2X106 cells/ml (second lane from the left on the plate), in 
contrast with wild type, DKO could not grow. However, at low density of 1.2X104 cells/ml, 
even the wild type failed to grow
Fig 5.2 Colony forming assay under DAG treatment. Cells at log-phase were incubated 
with 0.2 mM DAG for 2 hours. Viablity was determined through colony forming assay as 
described. Figure showed that DKO cells could not survive at this concentration of DAG 
































Fig 5.3 DAPI staining and TUNEL assay of cells treated with DiC8 DAG for 
3 hours. Cells at log phase were incubated with 0.2mM DAG for 3 hrs, cells 
were collected and DAPI staining & TUNEL assay were performed as described. 
a, DAPI staining; b, TUNEL assay. The results shows massive DNA 
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Fig 5.4 Viability under toxicity of fatty acids. Cells at log phase were 
incubated with fatty acids at the indicated concentrations for 2 hours. 
Viability was determined through colony-forming assay as described. DKO 
cells are more sensitive to the toxicity of fatty acids. And at the same 

























Fig 5.5.1 DAPI staining under fatty acids treatment. Cells at log-
phase were incubated in YES supplemented with 1mM palmitic acid 
or 1mM oleic acid for 2 hours. Cells were collected and DAPI 
staining was performed as described. DAPI staining revealed 
extensive DNA fragmentation in DKO. Compared with oleic acid 
treatment, palmitic acid treatment led to more DNA fragmentation. 
WT (1mM palmitic acid)
DKO (1mM palmitic acid)
DAPI                                   DIC
WT (1mM oleic acid)


























Fig 5.5.2 TUNEL assay under fatty acids treatment. Cells at log-phase 
were incubated in YES supplemented with 1mM palmitic acid or 1mM 
oleic acid for 2 hours. TUNEL assay was performed as described. Figure 
shows strong fluorescent in DKO cells, suggesting extensive DNA 
cleavage. Compared with oleic acid treatment, palmitic acid treatment 
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Fig 5.6 DAG level under 0.8 mM palmitic acid treatment Wild type and DKO 
yeast cells were grown in YES medium to mid-log phase and then treated with 
medium containing 0.8 mM palmitate. Cells were collected at different time points 
(0, 30, 60, and 90 min). Total lipids were extracted and DAG was quantified through 
a phosphorylation reaction catalyzed by a bacterial DAG kinase. After reaction, 
products and reactants were separated by TLC in hexane/methanol/acetic acid 
(70:30:1, by vol.). Radioactivity was detected and quantified by phosphorimage 
analysis. As shown in the figure, the DAG level in DKO cells increased from 1 
nmol/mg dry weight before addition of palmitate to 3.5 nmol/mg of dry weight after 


















































Fig 5.7 Viability of cells harboring pREP41dgk under fatty acid treatment. Log-
phase wild-type and DKO cells harboring empty plasmid or overexpression plasmid 
of dgk were incubated in selective EMM medium supplemented with 1mM palmitic 
acid or oleic acid for 2 hours. Colony forming assay shows dgk overexpression 

























Fig 5.8 DAPI staining and TUNEL assay of cells harboring 
pREP41dgk under fatty acid treatment. Log-phase DKO cells harboring 
empty plasmid or overexpression plasmid of dgk were incubated in 
selective EMM medium supplemented with 1mM palmitic acid for 2 hours. 
Figure shows that dgk overexpresson greatly decreases DNA fragmentation 































































Fig 5.9 Viability of cells harboring pREP41dgk under ME culture. Log-
phase DKO cells harboring empty plasmid or overexpression plasmid of dgk
were incubated in ME for 3 hours. After incubation, colony forming assay 
were performed to test the viability. As shown, dgk overexpression recovered 
of DKO in ME medium. 
Fig 5.10 Colony forming assay under C1 treatment. Wild-type and DKO 
cells at log-phase were incubated in YES medium containing 50μg/ml C1 for 2 
hours. After incubation, colony forming assay was performed as described. As 
shown in the figure, 40% wild type cells and almost all DKO cells were killed 




























































































Fig 5.11 DAPI staining of cells under C1 treatment. Wild-type and 
DKO cells at log-phase were incubated in YES medium containing 
50μg/ml C1 for 2 hours. After incubation, DAPI staining was 
performed to visualize nuclear morphology. Figure shows extensive 

























Fig 5.12 Viability of cells harboring pREP41dgk under C1 treatment Log-
phase wild-type and DKO cells harboring either empty plasmid or dgk expression 
plasmids were incubated in medium containing 50μg/ml C1 for 2 hours. Colony 
forming assay showed effective recovery of both wild-type and DKO by dgk 
overexpression under C1 treatment.  
Fig 5.13 DAPI staining of DKO cells harboring pREP41dgk under C1 
treatment. Log-phase DKO cells harboring eit her empty plasmid or dgk expression 
plasmid were incubated in medium containing 50μg/ml C1 for 2 hours. After 
incubation, DAPI staining was performed to visualize the nuclear morphology. DKO 
with dgk overexpression displayed relatively normal nuclei with less DNA 
fragmentation. 
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Fig 5.14 Colony forming under ceramide treatment. Cells at log-phase were incubated in 
YES medium supplemented with the indicated concentrations of ceramide for 2 hours. After 
incubation, colony-forming assay was performed as described. As shown, about 45% and 
95% DKO cells were killed by 10μM and 20μM ceramide, respectively while wild type 
cells steadily maintained most viability at the above concentrations.
Fig 5.15 Colony forming under DHS treatment. Cells at log-phase were incubated in 
YES medium supplemented with the indicated concentrations of DHS for 2 hours. After 
incubation, colony-forming assay was performed as described to determine the viability.
As shown, compared with wild type cells, DKO cells have much lower viability at 
8μg/ml. 
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Fig 5.16 DAPI staining and TUNEL assay of cells under ceramide treatment.
Cells at log-phase were incubated in YES medium supplemented with the 0.2 mM 
ceramide for 2 hours. After incubation, DAPI staining and TUNEL assay were 
performed to visualize nuclear morphology.  a, DAPI staining; b, TUNEL assay. As 



















































Fig 5.17 DAPI staining and TUNEL assay of cells under DHS treatment. Cells at 
log-phase were incubated in YES medium supplemented with the indicated 
concentrations of DHS for 2 hours.  After incubation, DAPI staining and TUNEL assay 
were performed to visualize nuclear morphology.  a, DAPI staining; b, TUNEL assay.



























































Palmitic acid( 0.8mM) +
Fumonisin B1 (221.6μM)
Fumonisin B1 (221.6μM)
Fig 5.18 Colony forming assay under fumonisin B1 treatment. Log-phase DKO cells were 
incubated in YES medium supplemented with fumonisin B1 or palmitic acid at the indicated 
concentrations for 2 hours. Viability was determined by colony forming assay. As shown, 
fumonisin B1 itself could kill 70% DKO. Palmitate combined with fumonisin killed 90% cells. 
Fig 5.19. DAPI staining under fumonisin treatment. Log-phase DKO cells were incubated in 
YES medium supplement with fumonisin B1 or palmitic acid at the indicated concentrations for 
2 hours. DAPI staining was performed to visualize nuclear morphology. As shown, treatment 
with fumonisin B1 itself led to DNA fragmentation. Fumonisin treatment at the indicated 































































































































Palmitic acid( 0.5mM) +
myriocin (10μg/ml)
myriocin (10μg/ml)
Fig 5.20 Colony forming assay under myriocin B1 treatment. Log-phase DKO cells were 
incubated in YES medium supplemented with myriocin or palmitic acid at the indicated 
concentrations for 2 hours. Viability was determined by colony forming assay. As shown, 
myriocin at the indicated concentration could kill majority of DKO.  
Fig 5.21 DAPI staining under 
myriocin treatment. Log-phase 
DKO cells were incubated in 
YES medium supplemented 
with myriocin or palmitic acid 
at the indicated concentrations 
for 2 hours. . DAPI staining was 
performed to visualize nuclear 
morphology. As shown, 
treatment with myriocin itself 
led to DNA fragmentation. 
Myriocin treatment at the 
indicated concentration failed to 
reduce DNA fragmentation in 
medium containing palmitic 
acid. 











































































Chapter VI Mechanism of cell death caused by TAG deficiency: 




      In earlier study, we pinpoint DAG accumulation as the molecule that induces death in 
the DKO cells. It is possible that DAG is the upstream inducer that signals to the 
downstream effectors. To identify the possible downstream effectors of DAG that may be 
responsible for the cell death in the absence of TAG synthesis, in this chapter, we 
examined the roles of the potential candidates: ROS, caspase, mitochondria, cAMP and 
MAP kinase signaling pathway in DKO under various stresses. 
6.2 Role of ROS in cell death of DKO under various stress conditions 
Oxidative stress has been shown to act as a key regulator of apoptosis in S. cerevisiae 
(Madeo, F., et al 1999) and in other organisms (Alvarez, M. E., et al 1998, Kane, D. J., et 
al 1993). In addition, palmitate-induced lipoapoptosis in CHO cells required increased 
production of ROS (Listenberger, L. L., et al 2001). We therefore sought to determine 
whether generation of ROS is required for the death of DKO cells under stress conditions. 
We have shown that ROS were generated when DKO cells entered stationary phase 
(Fig4.7). In this chapter, we continue to investigate if ROS is produced under other stress 
conditions and if removal of ROS by free radical spin trap could offer protection in these 
conditions. 
6.2.1 ROS accumulation under DAG treatment 
      After incubation of early log phase cells with DAG (2μg/ml) for 1.5 hours, 1, 2, 3-
DHR was add into the medium at a concentration of 25μM and incubation continued for 
another 30min. After that cells were observed under fluorescent microscope. Fig 6.1 
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shows that after 2 hour incubation with DAG, ROS were visualized as fluorescent 
staining in DKO cells. On the other hand, wild type cells only displayed very weak 
staining. This result suggests that DAG treatment leads to production of  ROS in DKO.  
6.2.2 ROS accumulation under fatty acid, and high salt treatment 
      Detection of intracellular ROS during the incubation of cells with KCl, oleate or 
palmitate at different concentrations were carried as described above. As shown in Fig 
6.2, it is revealed that generation of ROS is a concentration-dependent response of cells 
to various stress conditions. As seen in Fig 6.3 at low concentration, 0.5mM oleic acid, 
0.3mM palmitic acid and 0.3M KCl caused dramatic ROS increase in DKO while wild-
type only had a weak and low staining under these conditions, suggesting TAG 
biosynthesis would serve as a protective measure to prevent damage of ROS under stress 
conditions. However, at high concentration, 1mM oleic acid, 1mM palmitic acid, and 0.7 
or 1M KCl could also induced striking formation of ROS in wild-type. In addition, 
comparing the results of ROS staining with colony forming assay, we noticed that the 
generation of ROS might be one step earlier than the cell death. For example, KCl would 
not kill DKO till its concentration reached 0.7M. But ROS accumulation appeared at the 
concentration of 0.3M. 
6.2.3 ROS accumulation in ME medium 
      Both DKO and wild type cells were grown in YES to early log-phase and then 
transfered to ME medium. After 3 hour incubation,  ROS generation was measured using 
the probe 2´,7´-dichlorofluorescein diacetate (DCFH-DA; Molecular Probes) (Lee. H.S., 
et al, 2000). This probe accumulates intracellularly and hydrolysed by cytoplasmic 
esterases to become 2´,7´-dichlorofluorescein, which then reacts with H2O2 to give the 
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fluorescent product 2´,7´-dichlorofluorescein (DCF) (Rothe, G. and Valet, G. 1990). Fig 
6.4 shows that DKO in ME medium showed a strong punctuate fluorescence. In contrast, 
wild type cells appeared  to be free of ROS staining in ME. 
6.2.4 Recovery of viability through TMPO treatment 
   To determine whether ROS are required forthe lipotoxicity in our yeast strain free 
radical spin trap 3,3,5,5,-tetramethyl-pyrroline N-oxide (TMPO) (Sigma-Aldrich) was 
used to scavenge intracellular ROS as previously described (Madeo, F., et al, 1997). We 
reasoned that if ROS is necessary for cell death, the removal of ROS would improve the 
viability. Mutant cells were pretreated with different concentrations of TMPO for 2 hours 
before 1 mM palmitate was added for 1 hour As shown in Fig 6.5, TMPO (125μg/ml) 
could recover the viability of 40% of DKO from the palmitic acid-induced cell death. 
Consistent with the results of colony forming, DKO with TMPO pretreatment displayed 
less ROS labeling and DNA fragmentation was also prevented (Fig 6.6), suggesting ROS 
is responsible for apoptosis-like cell death induced by lipotoxicity. 
      To determine if TMPO also protect cells from cell death in ME medium, cells were 
grown in ME added with 125 μg/ml TMPO for 3 hours. Colony forming assay showed 
that TMPO significantly increase the viability of DKO in ME medium. About 60% of 
DKO cells remained viable in contrast with 30% viability for those without TMPO 
treatment (Fig 6.7). Accordingly, TMPO also reduced the ROS accumulation of DKO. 
This result indicates that ROS accumulation is the key factor for growth arrest of DKO in 




6.3 Role of caspase in the death of DKO cells 
      Uren and his colleagues (2000) have identified a gene in budding yeast homology of 
which to human caspases is not restricted to the primary sequence, including the catalytic 
diad of histidine and cysteine, but extends to the secondary structure as well. The 
discovery of the caspase homolog in S. cerevisiae, has generated much interest and 
excitement about regulators of apoptosis in yeast. Then, recently, Madeo and his 
colleagues (2002) reported that this gene (named YCA1) displayed a caspase-like 
proteolytic activity which is activated when yeast is stimulated to undergo apoptosis.  
6.3.1 Viability in caspase deletion strains 
   Using tBLASTX, we also identified a YCA1 homolog in S. pombe (GeneDB systematic 
name: SPCC1840.04) and named it pca1+, for pombe caspase 1. A triple-deletion strain 
(Δdga1ΔplhΔpca1, referred to as the TKO strain thereafter) was created. The first 
experiment we performed in this mutant is the colony forming assay to test the viability 
of TKO upon entering stationary phase. Surprisingly, no difference in the degree of cell 
death and DNA fragmentation was observed between the DKO and TKO strains when 
cells were grown to stationary phase in the rich medium (Fig 6.9, 6.10). More than 70% 
DKO and 76% TKO were killed when cell density arrived at OD 4.2. Both of them 
demonstrated severe DNA fragmentation at this stage, Meanwhile, when log phase cells 
were treated with fatty acids, TKO did not display improved viability (Fig 6.11). On the 
contrary, more TKO cells were killed at the same concentration of fatty acids. The death 
ratio (viability in control group verus viability in treatment group) in TKO is about 85% 
under 0.8mM palmitate while the ratio decreased to 70%in DKO, suggesting that pca+ 
deletion from DKO made cells more susceptible to stress conditions. DAPI staining also 
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displayed extensive DNA fragmentation in both DKO and TKO (Fig 6.12). This result 
suggests that this caspase homolog pca+ is not involved in the apoptosis-like cell death in 
DKO under the experimental stress conditions. However, there might be other caspase-
like proteins to be identified in S.pombe to play a role in the cell death. To test this 
hypothesis, we used a caspase inhibitor zVAD-fmk to pretreat cells 3 hours before 
entering stationary phase or exposing to high concentration of fatty acid.  
6.3.2 Viability of DKO under zVAD-fmk treatment 
      zVAD-fmk is a broad-range caspase inhibitor (Wright M. E., et al, 1999). Fig 6.13.1 
showed that pretreatment of DKO with zVAD-fmk did not change the cell death pattern 
upon entering stationary phase. The viability of cells with pretreatment was as low as that 
of control group. DAPI staining (Fig 6.13.2), compatible to the viability test, also 
demonstrated the failure of zVAD-fmk in preventing DNA fragmentation in DKO upon 
entering stationary phase. In addition, viability test and DAPI staining showed that 
zVAD-fmk treatment in medium containing fatty acid did not rescue DKO from 
lipotoxicity and the concomitant DNA condensation and fragmentation (Fig 6.13.3 & 
6.13.4). These results suggest that caspase does not play an essential role in lipoapoptosis 
in the fission yeast under these experimental conditions. 
6.4 Role of mitochondria 
Apoptosis occurs either through mitochondria-dependent or -independent pathway 
(Green DR, 1998). Mitochondria-dependent apoptosis is generally initiated by various 
environmental and genotoxic stress factors, such as ultraviolet (UV) light, γ-irradiation, 
hydrogen peroxide, microtubule-damaging drugs, protein synthesis inhibitors, and DNA-
damaging drugs (Shan LU, et al, 2002). These organelles release proteins into the cytosol 
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which trigger caspase activation or perform other functions relevant to apoptosis, 
including cytochrome c (cyt-c), caspases, AIF, and SMAC (Matsuyama S, et al, 2000). 
Our previous study demonstrated the apoptosis-like cell death would be caspase-
independent. Here, we asked if the cell death is mitochondria dependent. To answer the 
question, we use TMRE, a mitochondrial membrane potential sensor to study the 
functional integrity of mitochondria in different stress conditions. Then, we treated cells 
with cyclosporin A, which is an inhibitor of mitochondrial-permeability transition (MPT) 
and consequently the release of caspase activators such as cytochrome c (Skulachev, V. 
P., 2002).  
6.4.1 TMRE staining 
      Cells at stationary phase were incubated with TMRE (2µg/ml) for ten minutes. Fig 
6.14.1 showed that DKO cells in stationary phase displayed negative TMRE labeling, 
which indicates the dissipation of transmembrane potential and was also a sign of 
mitochondria dysfunction. For cells under fatty acid treatment, however, our study 
showed that after 1.5 hour treatment with palmitic acid (1.0mM), both DKO and wild 
type lost TMRE staining (Fig 6.14.2), which suggested that long-term exposure to fatty 
acid also induces dysfunction of mitochondria. 
6.4.2 Cyclosporin A treatment  
      Cells at mid log phase were pretreated with different concentrations of cyclosporin A 
for 1 hour, then fatty acid was added into medium at 0.5mM. After the one hour 
incubation, colony forming assay was performed to test the viability.  As shown in Fig 
6.15, cyclosporin A could not rescue DKO from lipid toxicity of palmitic acid. Instead, 
addition of cyclosporin A killed more DKO cells compared with groups treated with only 
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palmitic acid. Fig 6.15 shows that about 95% DKO cells were killed when pretreated 
with cyclosporin A while only about 55% DKO cells were killed when treated with only 
0.8mM palmitic acid. 
6.5 cAMP and MAP kinase inhibitor 
      Fission yeast S. pombe regulates many growth and developmental processes in 
response to stress conditions through the action of two opposing signal transduction 
pathways. Glucose triggers the activation of adenylate cyclase, resulting in a cyclic AMP 
(cAMP) signal, which activates the cAMP-dependent protein kinase A (PKA) (Byrne, S. 
M., and C. S. Hoffman. 1993; Welton, R. M. and Hoffman, C. S., 2000). On the other 
hand, nutrient starvation activates a stress-activated protein kinase (SAPK) pathway, 
which is also activated by osmotic, oxidative, and heat stress (Samejima, I., et al, 1997; 
Stettler, S., et al, 1996).  Extensive research has documented the pivotal roles of SAPK in 
programmed cell death (Kyriakis, J.M. and Avruch, J. 2001). Meanwhile, cAMP 
negatively regulates stress-responsive genes such as ste11+ and fbp1+ (Mochizuki, N. and 
M. Yamamoto, 1992; Wilkinson, M. G., et al, 1996). In order to find out if the apoptosis-
like cell death is triggered through the crosstalk between cAMP dependent pathway and 
MAP kinase pathway, we incubated cells with different concentrations of cAMP and SB 
203580 (4-(fluorophenyl)-2-(4-methylsulfonyl-phenyl)-5-(4-pyridyl) imidazole).  
6.5.1 cAMP  
      Cells were grown in minimal medium overnight till they entered the log phase, then 
diluted to OD595=0.1, transferred to a fresh minimal medium containing   10mM cAMP 
and 5mM caffeine and incubated at 300C.  Caffeine inhibits cAMP phosphodiesterase and 
thereby increases the intracellular concentration of cAMP (Caesar, R. and Blomberg, A., 
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2004). When cells were grown to saturation, they were streaked on plates to measure the 
viability. DAPI staining was also used to visualize the nuclei.  As shown in Fig 6.16.1, 
compared with the wild type, DKO lost about 60% viability. This result suggests that 
cells lacking in TAG are sensitive to cAMP. Fig 6.16.2 showed that DNA fragmentation 
and condensation did not occur in cells under cAMP treatment. 
6.5.2 MAP kinase inhibitor 
      SB 203580 is a specific inhibitor of p38 MAP Kinase (Sheikh-Hamad D, et al, 1998). 
Cells were under 0.5Mm palmitic acid treatment for 2 hours. Colony forming assay 
showed (Fig 6.17) that SB203580 could not prevent cell death of DKO under fatty acid 
treatment. 
6.6 Summary 
      ROS generation is increased in DKO cells in ME culture, high salt stress and fatty 
acid treatment. ROS trap TMPO could rescue DKO from cell death induced by stress 
conditions. ROS accumulation initiated two types of cell death: apoptosis-like cell death 
upon stress conditions in rich medium and growth arrest in ME medium, implying the 
responses of cells to ROS may depend on the environmental conditions. In addition, the 
results also suggest that ROS was necessary for lipotoxicity and cell death induced by the 
deficiency in TAG synthesis in stress conditions. 
      Deletion of caspase related gene pca1+ and caspase inhibitor in DKO could not 
rescue cells from different stress conditions. Mitochondria of DKO lost transmembrane 
potential upon entry into stationary phase. MAP kinase inhibitor could not attenuate cell 
death in DKO. DKO cells were sensitive to cAMP treatment while they were not dead of 

















































WT(200 µ M DAG) 
DKO (200 µ M DAG)
FITC DIC
DKO (0.5mM palmitic acid) DKO (1.0 mM palmitic acid) WT (0.5mM palmitic acid) WT (1.0 mM palmitic acid)
DIC
FITC
Fig 6.1 ROS staining under DAG treatment. After incubation of early log phase cells in YES 
containing DAG (2μg/ml) for 1.5 hours, 1,2,3-DHR was added into the medium at concentration 
of 25μM. After incubation, cells were observed under fluorescent microscope. As shown, DKO 
cells treated with DAG showed significantly more fluorescence than the wild type cells, suggests 
massive ROS production in DKO cells.  
Fig 6.2. ROS staining under palmitic acid treatment. After incubation of early log-phase cells in 
YES containing palmitic acid at the indicated concentration for 1.5 hours, 1,2,3-DHR was added in 
the medium at concentration of 25μM. After incubation, cells were observed under fluorescent 
microscope. As shown, DKO cells treated with palmitic acid showed significantly more 




















































Fig 6.3 ROS staining under KCl treatment. After incubation of early log phase cells in 
YES containing KCl at the indicated concentration for 1.5 hours, 1,2,3-DHR was add into the 
medium at concentration of 25μM and cells continued to grow for 30min. As shown, when 
concentration of KCl is 0.3M, DKO cells accumulated ROS. When the concentration reached 
0.7M, ROS accumulated in both DKO and wild type cells. 
Fig 6.4 ROS staining in ME medium. Cells of DKO and wild-type were grown in YES till 
early log phase (OD595=0.3). Cells were shifted into ME and incubated for 3 hours. After 
the incubation, H2DCF-DA was added to 10 μM. Cells were photographed under 100X 
objective lens and FITC channel. As seen, DKO generated strong green fluorescence in ME 




































































Fig 6.5 Colony forming assay of cells with or without TMPO treatment under palmitic 
acid stress. Cells at log-phase were pre-incubated in YES supplemented with TMPO 
(125μg/ml) for 2 hours. Then, palmitic acid was added into medium at 1mM. After one hour 
of incubation, colony-forming assay was performed to determine the viability. As seen, 
TMPO treatment effectively improved the viability of both DKO and wild type cells under 

















































1 mM palmitic acid
1 mM palmitic acid +
125μg/ml TMPO
1 mM palmitic acid
1mM palmitic acid +
125μg/ml TMPO
Fig 6.6 DAPI and ROS staining of cells with or without TMPO treatment under 
palmitic acid stress. Cells at log-phase were pre-incubated in YES supplemented with 
TMPO (125μg/ml) for 2 hours. Then, palmitic acid was added into medium at 1mM. After 
one hour of incubation, DAPI staining and ROS staining using 1, 2, 3-DHR were 
performed. a, DAPI staining; b, ROS staining. As seen, TMPO treatment effectively 






















































Fig 6.7. Colony forming assay of cells with or without TMPO treatment under palmitic acid 
stress. Cells of DKO and wild type cells were grown in YES to early log phase (OD595=0.3). Cells 
were shifted to ME with or without TMPO (125μg/ml) and incubated for 2 hours. As seen, TMPO 
treatment effectively improved the viability of DKO cells in ME medium. 
 
Fig 6.8 ROS staining of cells with or without TMPO treatment. 
Cells of DKO and wild type were grown in YES to early log phase (OD595=0.3). Cells were 
shifted to ME with or without TMPO (125μg/ml) and incubated for 2 hours. After the 
incubation, H2DCF-DA was added to 10 μM. After 10 min, cells were photographed under 
100X objective lens and FITC channel. As seen, TMPO treatment decreased ROS 











































































































Fig 6.9 Viability of TKO and DKO upon entry into stationary phase. Cells were 
grown in YES to stationary phase. Colony-forming assay was performed to determine 





Fig 6.10 DAPI staining and TUNEL assay of TKO and DKO upon entering 
stationary phase. Cells were grown in YES to stationary phase. DAPI staining and 
TUNEL assay were performed as described to visualize the nuclear morphology and DNA 






















































































































Fig 6.11 Viability test of TKO under palmitic acid treatment. Log phase cells were 
incubated in YES medium supplemented with 0.8 mM palmitic acid for 2 hours. Colony 
forming assay was performed to determine the viability. As shown in figure, both TKO 
and DKO cells underwent cell death under high concentration of fatty acid. 
Fig 6.12 DAPI staining of DKO and TKO under fatty acids treatment. Log phase 
cells were incubated in YES medium supplemented with 0.8 mM palmitic acid for 2 
hours. DAPI staining was performed to visualize the nuclear morphology. As displayed, 







































































































Fig 6.13.1 Viability test of cells with zVAD-fmk incubation upon entering 
stationary phase. Cells at early log phase (OD595=0.3) were grown in YES 
containing zVADFMK at indicated concentration. After 24 hours of incubation, 
colony forming assay was performed to detect the viability.  As shown, zVAD-fmk 
treatment failed to improve the viability of DKO cells upon stationary phase entry. 
Fig 6.13.2 DAPI staining of DKO incubated with zVAD-fmk upon entry into 
stationary phase. Cells at early log phase (OD595=0.3) were grown in YES 
containing zVADFMK at indicated concentration. After 24 hours of incubation, 
DAPI staining was performed to visualize nuclear morphology. zVAD-fmk 
































































































Fig 6.13.4 DAPI staining of DKO incubated with zVAD-fmk under palmitic acid 
treatment. Cells at early log phase (OD595=0.3) were grown in YES containg zVAD-fmk at 
indicated concentration for 2 hours. Palmitic acid was added and cells continued to grow for 
1.5 hour. DAPI staining was performed to visualize nuclear morphology. As shown, zVAD-
fmk treatment failed to improve the DNA fragmentation of DKO cells in fatty acid treatment 
under experimental conditions. 
Fig 6.13.3 Viability test of DKO incubated with zVAD-fmk under palmitic acid treatment.
Cells at early log phase (OD595=0.3) were grown in YES containing zVAD-fmk at indicated 
concentration for 2 hours. Palmitic acid was added and cells continued to grow for 1.5 hour. 
Colony forming assay was performed to determine the viability. As shown, zVAD-fmk 









































































































































Fig 6.14.1 TMRE staining at stationary phase. Wild-type and DKO cells at same cell 
density (OD595=0.45) were grown in YES for 24 hours to enter stationary phase. TMRE 
was added into medium at 5μg/ml and incubated for 10 min. Cells were photographed under 
100X Texas red filter. As shown, DKO cells in stationary phase displayed negative TMRE 




0.8mM palmitic acid0mM Palmitic acid  
Fig 6.14.2 TMRE staining under palmitic acid treatment. Log phase cells were 
incubated in YES medium supplemented with 0.8 mM palmitic acid 2 hours. TTMRE was 
added into medium at 5μg/ml and incubated for 10 min. Cells were photographed under 
100X Texas red filter. As shown, both DKO and wild type lost TMRE staining unser fatty 

















































Fig 6.15 Viability test of cells pretreated with cyclosporin A under 0.5 mM palmitic 
acid treatment. Cells in mid log-phase were preincubated in YES supplemented with 
different concentrations of cyclosporin A for 1 hour, then fatty acid was added into medium 
at 0.5mM. After one hour incubation, colony forming assay was performed to determine the 
viability.  As shown, cyclosporin A failed to improve the viability of DKO cells exposed to 
high concentration of fatty acid. On the contrary, addition of cyclosporin A killed more 



































































































































6.16.1 Viability of DKO and wild-type under cAMP treatment 
6.16.2. DAPI staining of cells under cAMP treatment
 
DKO                                                          WT 
6.16. cAMP treatment. Cells were grown overnight in minimal medium till 
they entered the exponential phase, then diluted to OD595=0.1, transferred to 
a fresh minimal medium containing   10mM cAMP and 5mM caffeine and 
incubated at 300C.  When cells were grown to saturation, they were streaked 
on plates to measure the viability (6.16.1). DAPI staining was also used to 
visualize the nuclei (6.16.2).  As shown in the figure, compared with the wild 
type cells, DKOcells lost about 60% viability upon cAMP treatment. DNA 
fragmentation and condensation did not occur in cells under cAMP 
treatment, 


























































































































































Fig 6.17 Viability of DKO pretreated with SB 203580 (SB) under palmitic 
acid treatment. Cells in mid log-phase were preincubated in YES supplemented 
with different concentrations of SB 203580 for 1 hour, then fatty acid was added 
into medium to 0.5mM. After two hour incubation, colony forming assay was 
performed to determine the viability.  As shown, SB 203580 failed to rescue 
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Chapter VII DISCUSSION 
7.1 Identification of two enzymes responsible for DAG esterification in S. pombe 
In the current study, we identified two enzymes, Plh1p and Dga1p, which mediate 
the last step of TAG synthesis in the fission yeast S. pombe. 
Similar to their S. cerevisiae counterparts, Dga1p has DGAT activity, whereas Plh1p 
is a PDAT. One important difference is that, unlike in S. cerevisiae, where a small but 
significant amount of TAG can be detected in LRO1 and DGA1 double-deletion mutant 
cells, we were not able to observe any significant TAG synthesis when both plh1+ and 
dga1+ were deleted. This could be due to the sensitivity of our assay; however, it is more 
likely that the two yeasts are different in this respect. The requirement of two 
mechanistically different reactions to synthesize the same product would be meaningful 
to a cell if the two enzymes are differentially regulated, alternatively localized, or 
preferentially recognized by different DAG species. In agreement with Oelkers et al. 
(Dahlqvist, A., et al 2000), our results indicate that Plh1p or the PDAT activity is 
responsible for the majority of TAG synthesis when yeast cells are undergoing 
exponential growth. Whether the DGAT activity is more important at stationary phase 
remains to be investigated. In addition, PDAT activity utilizes phospholipids, an essential 
component of all eukaryotic membranes. It is therefore conceivable that, in addition to its 
role in TAG synthesis, Plh1p might function to modulate membrane lipid composition 
and related cellular events such as cross-membrane transport and vesicular trafficking. 
For instance, the yeast Sec14 pathway clearly demonstrated the dynamic interface 
between phospholipids metabolism and Golgi function (Kearns, B. G., et al 1997). In 
addition, although both DGAT and PDAT activities could be detected in the microsomal 
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fractions in the budding yeast, the S. pombe Dga1p appears to localize exclusively to the 
lipid droplets while PDAT localizes to the ER. The significance of this pattern of 
localization remains to be understood. Lastly, we provide evidence that Plh1p belongs to 
the α/β hydrolase fold family. 
7.2 Altered lipid profiles under TAG absence 
In this study, a block of endogenous TAG biosynthesis by targeted disruption of the 
two TAG synthesis genes plh1+ and dga1+ has been proven to result in a virtual depletion 
of cellular TAG. In yeast, besides its role as the highest concentration of energy storage, 
TAG also serves as a fatty acid donor for membrane biogenesis. Additionally, it provides 
a depot for highly abundant or unusual and thereby toxic fatty acids (Hunkova & Fencl, 
1977; 1978) as well as for DAG, (for reviews see Goni & Alonso, 1999;Neri et al., 2002). 
Thus, any dramatic change in the level of TAG is likely to induce huge alteration of the 
levels of other lipids including fatty acids, DAG, phospholipids, cholesterol etc. In this 
study, as demonstrated by steady state metabolic labeling with [3H]-oleate, although the 
DAG level was not significantly modified in DKO at log-phase, during stationary phase 
or high salt concentrations, the DAG level in DKO was more than three times higher than 
that in wild-type. However, such an extra accumulation was not observed in total fatty 
acid levels of DKO. A three hours incubation of cells with [14C] acetate assay also 
showed no significant difference in fatty acid biosynthesis rate between wild-type and 
DKO either in stationary phase or log-phase. Meanwhile, for phospholipids and 
ergosterol ester synthesis,  [3H]-oleate incorporation assay displayed a two times increase 
in velocity of fatty acid incorporation in phospholipids whereas this increase occurred in 
ergosterol biosynthesis in stress conditions but not at log phase.  
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The altered lipid profile in stationary phase and stress conditions in the absence of 
TAG synthesis is meaningful. The data suggests that in log-phase when TAG synthesis is 
low, DKO cells could maintain normal lipid levels as wild type. In contrast, in stationary 
phase or salt stress or exposure to fatty acids, there is an overt perturbation of lipid 
homeostasis in the DKO cells. Interestingly, the price of the perturbed lipids homeostasis 
is paid in the form of highly elevated level of DAG but not an increased level of the other 
important substrate for TAG biosynthesis, the fatty acid.  
It is known that neutral lipid synthesis is a common phenomenon under stress 
conditions like nutrient starvation or high salts. It may be a result of lipid remodeling as 
part of adaptive or protective mechanisms, in which toxic lipid intermediates are 
promptly removed and converted to inert forms when phospholipids synthesis is 
generally inhibited. In DKO, DAG, rather than free fatty acid (FFA) is markedly 
increased. This may be explained by the fact that FFA is more physically and chemically 
reactive than DAG and may exert detergent or other direct effects on cellular components. 
Rapid conversion of FFA to other lipid species may serve to minimize cellular insults. 
With the perturbed lipid metabolism in DKO cells, the protective role of TAG synthesis 
is obliterated and DAG is accumulated. Although DAG also leads to cell death, compared 
to other potential immediate effects of FFA, the cell death initiated by DAG might be 
slower, which may provide DKO cells precious time to cope with the situation. Thus, in a 
condition where TAG biosynthesis machine was initiated and the direct precursors (fatty 
acid and DAG) continued to be generated, it’s more expedient for the double mutant to 
channel FFA to DAG for its own survival (Fig 7.1). Interestingly, in this study, although 
total fatty acid level in DKO is close to that of the wild type, the ratio of fatty acids 
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biosynthesis was increased upon stationary phase in both wild type and DKO. This 
increased fatty acid synthesis suggests the possibility of accumulation of some specific 













7.3 DAG, ROS, lipotoxicity and lipoapoptosis 
The most important finding in our study is that S. pombe cells without detectable 
TAG undergoes cell death: apoptosis-like cell-death upon entry into the stationary phase 
and under stress conditions including high salt concentrations and oxidative stress; or 
necrosis in ME, in which loss of viability was accompanied with the deficit of mating 
ability. This fact is both intriguing and informative. Normal yeast undergoes cell cycle 
arrest in response to osmotic stress or nutritional limitation (Cross, T. G., 2000).  
Depending on both the nutritional status and the presence of mating  partners, yeast may 


















Fig 7.1 Altered lipids profiles under TAG absence upon stationary phase and salt stress. 
DAG level is dramatically increased under TAG absence. At the same time biosynthesis of 
phospholipids and ergesterol level are elevated to some extent when there is deficiency in 
TAG biosynthesis. 
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exit the cell cycle to initiate mating or enter into a resting quiescent state named 
stationary phase (Stiefel, J., et al, 2004; Takeda, T., et al, 1995). One of the marker 
physiological events during theses stress-responses is that yeast cells accumulate neutral 
lipids, possibly as a result of phospholipid remodeling (Leber et al., 1994). The role and 
mechanism of increasing TAG production during stationary phase and stress conditions is 
to-date unclear.  
Schaffer and colleagues have recently reported that accumulation of TAG protects 
against fatty acid induced lipotoxicity in mammalian cells (Listenberger, L. L., 2003). In 
addition, a mutation in Drosophila DGAT gene led to apoptotic cell death of egg chamber 
cells, although the exact mechanism was unclear (Buszczak, M., et al 2002). In the 
current study, we provided several lines of convincing evidence supporting a critical role 
of DAG in the death of DKO cells: first, mutant cells grown in rich media accumulated 
DAG upon entry into the stationary phase or salt stress; second, exogenous DiC8 DAG 
caused exponentially growing mutant cells to undergo apoptosis; third, addition of 
palmitate and oleate induced DAG synthesis and triggered apoptosis, which could be 
rescued by overexpression of a bacterial DAG kinase; fourth, DHS, PHS, or ceramide 
could kill mutant cells in a manner other than apoptosis.   
The toxicity of any lipid species lies on its ability to elicit cell death. In this study, 
we prove that DAG is the key molecule that leads to lipoapoptosis of DKO while the 
effect of exogenously added fatty acid is mainly mediated by increasing intracellular 
DAG. However, the mechanism by which DAG induces apoptosis is largely unclear.  
        Intriguingly, in our study, it was shown that in addition to DAG accumulation, ROS 
was also found to amass in DKO during stationary phase, high salt concentration, fatty 
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acid treatment and growth in ME. Moreover, ROS chemical scavenger TMPO, like dgk 
overexpression, was demonstrated to protect DKO in these conditions. This result 
suggested that ROS accretion also contributed to the cell death in DKO upon stringent 
environment and it also implied the possible connection between ROS and DAG. 
In yeast, cells growing in aerobic conditions are continuously exposed to ROS 
generated as by-product of cellular metabolism. Mitochondria respiratory chain, which 
accounts for 85% -90% oxygen consumed in the cells, is the major source of ROS 
(Chen, Q., et al, 2003). Under normal conditions, the wild type cells detoxify the 
generated ROS instantaneously, primarily through the action of catalase and superoxide 
dismutase (Ventsislava, Y. et al, 2004) or through the reduction of the source of ROS via 
the biosynthesis of TAG. As shown in the study, ROS did not accumulate in wild type in 
stationary phase or mild stress conditions. In contrast, a large quantity of ROS was 
detected in DKO under the same conditions, suggesting that loss of TAG creates an 
environment that favors the production of ROS possible through the following 
mechanisms: excessive DAG themselves would provide a rich source for ROS 
production.  In the lack of TAG synthesis, the extra DAG cannot be attenuated via 
phospholipds synthesis which may be inhibited due to lipids remodeling under stress 
conditions. Thus, it is highly possible that yeasts have to hydrolysis DAG by lipase to 
generate free fatty acids. Although total fatty acid level is not increased in DKO, the free 
fatty acid, especially some toxic fatty acid may accumulate to some extent.  As shown in 
Fig 4.20, the rate of fatty acid synthesis increased in DKO at stationary phase, although 
not significantly. This small amount of increased free fatty acids might be a critical event 
to induce ROS generation; Another possibility is that DAG may cause mitochondrial 
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redox catastrophe which induces ROS accumulation or damage of enzymes for ROS 
hydrolysis. As is demonstrated in the study, the longer the exposure to stress 
environments, the more ROS generated. Thus, as discussed, the lethal effects of extra 
DAG may be mediated through ROS generation.  
ROS are highly reactive molecules and can irreversiblely modify cellular 
components: proteins, DNA, and lipids. Oxidation of lipids by ROS leads to production 
of fatty acid hydroperoxides, which undergo fragmentation, generating a number of 
highly reactive products, such as epoxides, aldehydes and alkanes. Some of these 
substances are highly reactive and disseminate and increase initial free radical events by 
damaging DNA and proteins. (Halliwell, B.,1999).   ROS as the crucial players in 
apoptosis is supported by extensive experimental data (Ghibelli et al., 1995). In metazoan 
apoptosis, ROS have been shown to participate in both early and late steps of the 
regulatory chain. ROS can act upstream Bax and caspases. In this condition, radical 
scavenging prevents the activation of caspases, and inhibition of ensuing steps, e.g., with 
caspase inhibitors, prevents cell death, indicating that the radicals act as signal molecules 
and do not simply cause lethal damage to DNA, lipids or proteins (Madeo, F., et al, 1999). 
On the other hand, ROS can involve in the late steps of apoptosis. Potassium deprivation 
induces apoptosis in cerebellar granule neurons via an accumulation of ROS. ROS 
production is prevented by actinomycin D, cycloheximide, and caspase inhibitors Ac-
YVAD-CMK, suggesting that ROS act downstream of gene transcription, mRNA 
translation, and activation of caspases (Schulz et al., 1997, 1996). However, ROS is also 
found to induce necrosis in neurons exposed to 2-bis (2-aminophenoxy) ethane-
N,N,N',N'-tetraacetic acid (BAPTA-AM) (Han. K.S., et al, 2001). In yeast, Madeo et al 
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demonstrated that apoptosis could be induced in the yeast S. cerevisiae by depletion of 
glutathione or by low external doses of H2O2 and was prevented by cycloheximide, which 
implying that the generation of ROS is a key event in the ancestral apoptotic pathway. 
These evidences together with our observation, demonstrate that the ROS accumulation 
as showed in our study, would be at least one of the key causes to initiate cell death in 
DKO under various stress conditions.    
However, in our study, we also noticed that free radical spin trap is not as efficient 
as DAG kinase to recover the viability of DKO at stress conditions (compare Fig 5.7 and 
Fig 6.5). This could be due to the limitation of our assay conditions. However, a more 
possible explanation is that the generation of ROS may not only one of the downstream 
events of DAG to cause cell death. DAG, as a second messenger, would initiate a series 
of events in a variety of signal transduction pathway leading to cell death. 
Protein kinases Cs (PKCs) are a classical family of proteins that could be activated 
by DAG, and the activated isoforms of PKC could be either pro-apoptotic or anti-
apoptotic (Cross, T. G., et al 2000). PKC homologs (Pck1p and Pck2p) do exist in S. 
pombe; however, their interaction with DAG and their role in apoptosis are yet to be 
established (Perez, P., et al 2002).  A study showed that Pck1p and Pck2p were activated 
neither by calcium and DAG (Perez, P., et al 2002). It is highly likely that DAG might 
activate proapoptotic proteins other than PKC. Recently, a mammalian receptor Munc13 
was identified to bind DAG and induce PKC-dependent apoptosis when overexpressed  
(Song, Y., 1999). These evidences point to the fact that DAG may exert profound effects 
on cellular physiology through complex signaling events that remains to be explored. 
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In summary, the altered lipid profiles and the accompanying cell death of DKO upon 
stationary phase and stress conditions lead us to suggest that lipotoxicity in DKO and 
putative lipoapoptosis would be induced by the elevated level of DAG and ROS. In 
addition, it is more likely that accumulation of TAG serves as an detoxification method to 
dilute bioactive molecules as DAG and fatty acids rather than as an energy source 
required for yeast cells to survive the stationary phase or stress.  
7.4 Programmed cell death/Apoptosis or Necrosis? 
Despite the general definition of apoptosis and necrosis, there are varied 
controversial views. In this chapter, we follow the most original and basic meaning of 
these two terms: apoptosis is the tightly regulated cell death that results from intracellular 
programmes; while necrosis is a passive cell death which lacks controls and is difficult to 
prevent (Kelly KJ, et al, 2001). Programmed cell death (PCD) or apoptosis possesses the 
critical characteristic that it occurs via a coordinated, predictable and pre-determined 
pathway which can potentially be modulated to maintain cell viability (McLaughlin R, et 
al, 2001). According to this definition, any cell death regardless of what cell morphology 
it presents should be accepted as apoptosis if it undergoes a monitored process.   
Death, as a great and forever theme, runs through the whole history of cosmos. For 
biologists, death is also a source full of mysteries, encouraging their inexhaustible 
exploration. The identification of PCD or apoptosis by Kerr, Wyllie and Currie in the 
early 1970s (Kerr J. F, et al, 1972) provides an unprecedented opportunity for human 
beings to obtain a more insightful view in this enigmatic topic. Since then, death and life 
integrated as two sides of one thing is not only an abstract concept in the minds of 
philosophers but a concrete and perceivable fact. Apoptosis has been found to play 
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crucial role in the most important and fundamental physiological process including 
development and homeostasis, and is involved in different diseases. For example, 
neurodegenerative disorders, AIDS and ischaemic diseases are resulted from excessive 
apoptosis while cancer and autoimmune are caused by the loss of apoptosis (Steller, H. 
1995). More and more evidence reveals that apoptosis is controlled by a complex 
regulatory network which can be activated by toxins or external signals (e.g. ethanol, 
reactive oxygen species (ROS), receptor ligands) and internal processes (e.g. mitotic 
catastrophe, replication failures or developmental programmed cell death) (Madeo.F., et 
al, 2000). In the term of evolution, this complicated regulatory system of apoptosis 
possesses huge advantages over necrosis, e.g. necrosis induces unwanted inflammatory 
response by rupture of the dying cell and spillage of cell contents while during apoptosis, 
apoptotic bodies are phagocytosed by professional phagocytes or neighboring cells, in 
most cases without any detrimental effect on the surrounding tissue (Kerr, J. F., et al, 
1972; Wyllie, A. H., et al, 1980).  
Although apoptosis is a common, ubiquitous, either physiologically or pathological 
pivotal event throughout the whole animal kingdom, whether apoptosis occurs in 
unicellular organisms such as yeasts and bacteria has been controversial, due in part to 
doubts about whether cell suicide programs could contribute to the evolutionary fitness of 
unicellular organisms (Burhans, W.C., et al, 2003). However, in our opinions, “being 
monocellular” is not a strong reason against the possibility of the occurrence of apoptosis 
in yeast or bacterial. Even under laboratory conditions, most populations of unicellular 
organisms do not grow in isolation. Instead, they form colonies. For those grown in 
laboratory flasks, cell density can be high enough to make random but substantial and 
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obligatory cell-cell contact. In the case of S. pombe, upon nitrogen starvation, cells 
secrete mating pheromones into extracellular environment which initiate conjugation of 
haploid cells with the opposite mating types to produce a diploid zygote (Wu, L., et al, 
2004). Under these conditions, the growth of one cell is not a solitary affair anymore. On 
the contrary, the action of a single cell can compromise or damage the viability of other 
members of the community by, for example, competing for scarce nutrients or spreading 
a pheromone (Severin and Hyman, 2002). Consequently, possessing a cellular apoptosis 
program to eliminate potentially harmful cells would help to ensure the viability and 
reproductive success of other members of the community. 
It’s not surprising to see recent studies have proven that apoptosis also exists in 
unicellular organisms, such as the yeast S. cerevisiae (Madeo, F., et al 2002). Various 
stimuli can cause apoptotic cell death in S. cerevisiae, including oxygen radicals, sexual 
pheromone, UV, salt stress, and expression of pro-apoptotic mammalian genes, e.g. Bax 
(Hosaka, K., et al 1984). Mutations in certain S. cerevisiae genes could also trigger 
apoptosis (Mazzoni, C., et al 2003). All cases of apoptosis documented so far in S. 
cerevisiae were shown to be associated with increased production of ROS, which is 
believed to be a key regulator for apoptosis in both uni- and multicellular organisms. A 
recent landmark study (Madeo, F., et al 2002) identified a caspase-related protease that 
appeared to regulate apoptosis in S. cerevisiae, further supporting common mechanism 
underlying yeast and mammalian apoptotic processes.  
Apoptosis in S. pombe is much less well characterized, and the only reported cases 
were induced by overexpression of mammalian Bak (Ink, B., et al 1997) or 
Caenorhabditis elegans Ced-4 (James, C., et al 1997) and mammalian caspase (Ryser S., 
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et al, 1999). In our study, we found that S. pombe cells unable to synthesize TAG lost 
viability upon early stationary phase or stress conditions and displayed prominent 
apoptotic markers: nuclear DNA fragmentation, chromatin condensation, exposure of PS, 
and generation of reactive oxygen species. This distinctive morphology of cell death 
lends us strong support to conclude that absence of TAG synthesis would predispose cells 
to apoptosis upon nutrient starvation or stress conditions such as high salt concentration 
or oxidative stress, etc. However, several observations have pointed out that condensation 
and degradation of the chromatin are not exclusive parameters of apoptosis and can occur 
to greater extent in many different mammalian organs or tissues during the changes that 
cells and tissues undergo after the cells die (Kanduc, D., et al, 2002), and apoptosis is not 
the only and unvaried outcome of generation of ROS (Han KS, et al, 2001), the exposure 
of PS on the outer surface of the plasma membrane rarely occurs in necrosis but is 
extensively recognized as a marker in the early stage of apoptosis (Stuart MC, et al, 
1998). PS exposure can trigger phagocytic removal of these dying cells (van den Eijnde 
SM, et al, 1998). In our study, in the DKO cells that excluded propidium iodide, PS 
exposure is shown by annexin-V-FITC labeling (Fig 4.6.3) when cells started entering 
stationary phase. We believe that this annexin-V-FITC labeling is an evidence to show 
the apoptosis processing. Of course, on the other hand, our conclusion is still 
questionable if it is drawn from only cell morphological marker. To further confirm this 
apoptosis-like cell death is the real PCD, we need to verify the cell death in DKO upon 




7.4.1 Selection of cell death under different nutritional profiles 
In this study, we showed that TAG absence induced DAG and ROS accumulation 
under starvation conditions and high salt concentrations. We also noticed that there are 
two types of cell death under TAG absence, apoptosis-like cell death at early stationary 
phase, high salt concentrations, fatty acid and DAG treatment, and irreversible cell 
growth arrest in ME medium. We found that overexpression of DAG kinase and TMPO 
treatment could rescue cells from both of these two types of cell death. The results 
suggest that either DAG accumulation or ROS amass would employ different signaling 
pathway to trigger cell death. In another word, the cell-death is not an uncontrolled 
progress but an autonomous process in which cells can make a selection according to its 
own conditions.  
As shown in the study, the apoptosis-like cell death mainly takes place in the rich 
medium, YES,  while cell growth arrest occurred in ME, which is of low nitrogen. This 
discrepancy of cell death implies the critical role of environmental nutrition for DKO to 
utilize different mechanism to deal with stress. In S.pombe, response to stresses is 
regulated by three signaling pathways that appear to function independently each other. 
The first is the cyclic AMP (cAMP)-dependent protein kinase pathway (PKA, Takeda et 
al, 1995), in which glucose triggers the activation of adenylate cyclase, resulting in a 
cyclic AMP (cAMP) signal, which activates the PKA. Second, the MAP kinase (stress-
activated protein kinase: SAPK) pathway, and third, the recently identified 
phosphatidylinositol kinase-related, target of rapamycin (TOR)-mediated signaling 
pathway (Weisman and Choder, 2001). It has been found that the SAPK pathway acts in 
opposition to the cyclic AMP pathway in regulating stress gene expression.  
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The SAPK cascade (Fig 7.2) in S.pombe require an upstream response regulator 
protein called Mcs4p (Cottarel, G.1997) and is activated by a variety of stresses (osmotic, 
heat shock, UV injury or oxidative stress) as well as is involved in growth control and 
nutrient sensing (review by Davey J, 1998). This stress-induced cascade is composed of 
Wak1p/Win1p (MAP kinase kinase kinase), Wis1p /Win1p (MAP kinase kinase) and 
Stylp (MAP kinase), in which Sty1p plays a central role (Toone, W. M., et al, 1998). 
Sty1p, phosphorylated at Thr 171 and Tyr 173, activates transcriptional factors Atf1p-
Pcr1p (Gaits, F., et al, 1998) and Pap1p (Toone et al, 1998). These two transcriptional 
factors are found to mediate different stress responses. Atf1p-Pcr1p is required for 
entering stationary phase, osmotic stress response and sexual differentiation while Pap1p 
is responsible for oxidative stress and UV injury response. An interesting phenomenon is 
that these two proteins may induce expression of same genes while under different 
physiological conditions. For example, induction of catalase gene ctt1+, the product of 
which mediates decomposition of H2O2, following osmotic stress is dependent on the 
Atf1 transcription factor (Wilkinson, M.G., et al. 1996) while expression of this gene in 
response to oxidative stress, was found to be wholly dependent on the Pap1 transcription 
factor. Consistent with these observations, the ctt1+ promoter contains potential binding 
sites for both Atf1 and Pap1 (Toon WK, et al, 1998).  Thus, in S. pombe, the stress 
response pathway show the following distinct characteristics: first, activity of 
downstream proteins such as transcription factors is directly regulated by a specific stress 
condition not by others; Second, the physiological requirements for adapting to one stress 
condition (e.g., hyperosmotic stress) would be likely to be different from those for 
adapting to a different stress (e.g., oxidative stress). The intracellular cAMP level would 
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be one of the markers reflecting some specific physiological conditions. It has been 
reported that cAMP negatively regulates stress-responsive genes such as ste11+ and fbp1+ 
(Mochizuki, N. and M. Yamamoto, 1992; Wilkinson, M. G., et al, 1996). In S. cerevisae, 
it is demonstrated that the cAMP level is regulated by glucose and dependent on the Gα-
protein Gpa2 (Thevelein JM, et al, 1987; Colombo. S, et al, 1998). S.pombe also contains 
a similar glucose-sensing G protein coupled receptor (GPCR) system for the activation of 
the cAMP pathway. This requires the Gα protein Gpa2 and the putative glucose receptor 
Git3 (Welton and Hoffman, 2000). It is reported that activation of PKA by cAMP acts 
through Gpa2p–Cyr1p (adenylate cyclase) –Pka1p–Cgs2p (cAMP-dependent protein 
kinases) pathway.  Cgs1p–Pka1p is reported to be the major regulator of sexual 
development (Davey J., 1998).  Thus, in S. pombe, there appear to be at least two 
pathways downstream of PKA, one leading to sexual development and the other to 
gluconeogenesis. They are both regulated by PKA but are activated independently of 
each other and are stimulated to divergent extents by divergent nutrient signals. Thus, 
although both nitrogen and glucose regulate cAMP levels, nitrogen depletion is much 
more efficient at inducing sexual development than glucose depletion. In contrast, 
glucose depletion promotes gluconeogenesis through induction of fbp1 (fructose-1,6-
bisphosphatase) (Davey J., 1998).  
Thus, in this study, the observed discrepancy in cell death patterns between cell 
growth in rich medium and ME medium is possibly due to three factors. The first mainly 
concerns the difference in the chemical microenviroment for different media. Compared 
to YES, ME is as carbon-rich as YES, but nitrogen deficient. It is perhaps that rapid loss 
of glucose or sudden stress treatment causes a rapid and sharp decrease in cAMP level, 
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whereas loss of nitrogen leads to a more gradual and moderate decrease of cAMP level.  
Thus, it may be that variation of intracellular cAMP levels caused by the nutritional 
changes in different media have contributed to the differential activities of the PKA 
pathway and hence the differential types of stress-induced cell death. The second factor is 
related to ROS generation in these two media. The ROS as a reactive molecule may react 
with components present in media. These reactions serve to amplify or quench the 
generation of other ROS. YES, compared to ME, may consist of much more components 
that are capable of enhancing the generation of ROS and potentiating the oxidative 
damage of ROS. Therefore, the high level of ROS concentration in YES might be another 
critical factor for DKO for commitment to apoptosis-like cell death. The third factor, 
similar to the first one, may be due to the physiological status of cells grown in different 
media. As discussed, ME is more efficient to induce sexual development. As a result 
more pheromones may be generated in cells growing in ME. The possible participation of 
pheromones in ME, which will cause G1 arresting and induce MAP kinase cascade, may 
play a pivotal role for the growth arrest of DKO.  
In our study, we notice that in YES, the intracellular accumulation of ROS is 
proportional to the duration of stress. Considering the activity of ROS, we cannot exclude 
the possibility of necrosis to be initiated by this high reactive molecule especially at the 
late phase of stress treatment or nutrient starvation. ROS are molecules which initiate 
SAPK pathway through activation of Styp1p (Shiozaki, K. and Russell, P., 1995) and can 
irreversiblely modify cellular components. Thus, in a gradually built-up environment 
(continuous generation of ROS and DAG), the cell death of DKO initiated by stresses in 
rich medium could be a combination of both types of cell death. In other words, it means 
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that the cell death could be either apoptosis or necrosis in individual cells depending on 
minor individual differences. Therefore, in the late stage of stationary phase or stress 
conditions in YES, when a lot of ROS accumulate, the selection of a cell death type could 
be a total outcome of combination of different signaling pathways or even accidental 
events such as the damage some part of DNA by ROS. In this study, we suggest that at 
early stationary phase and the early stage of high salt treatment or DAG or fatty acid 
treatment, when the accumulation of ROS and DAG is initial, cells would prefer to select 
the apoptosis pathway, a controlled procedure to enter cell death, which theoretically 
could be averted at any point along the pathway. However, at the late stage, prolonged 
and continuous ROS exposure would damage the whole system of the cells and apoptosis 
at this stage is no longer feasible and thus, cells are killed directly through necrosis (Fig 
7.3).  The commitment to cell death will be further discussed in part 7.5. 
As discussed above, the cell death in DKO in stationary phase and stress conditions, 
is partly, if not totally a controlled process, at least for the upstream events. DAG and 
ROS are likely to be at the very beginning of this process.  PKA pathway and MAP 
kinase pathway are speculated to play roles in the determination of cell fate. Thus, either 
the apoptosis-like cell death or the necrosis –like cell death would be partly PCD. And as 
a PCD, there must be the PCD monitoring machines. The typical PCD machines are 





























Fig 7.2 The crosstalk of stress activated MAP kinase pathway and cAMP  





























































Fig 7.3 Upstream signalling events determine final modes of cell death. Deficiency of 
TAG biosynthesis causes the perturbed lipids homeostasis, resulting in the accumulation of 
ROS and DAG and finally cell death. The cell death patterns are determined by the 
environment. Cells may undergo apoptosis when glucose is depleted rapidly whereas necrosis 
happens at thelate stage of stress when there is large quantity of ROS accumulated. Growth 
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A variety of key events in apoptosis focus on mitochondria, which leads the release 
of caspase activators (such as cytochrome c), changes in electron transport, loss of 
mitochondrial transmembrane potential, altered cellular oxidation-reduction, and 
participation of pro- and antiapoptotic Bcl-2 family proteins (Mayer, B.  and Oberbauer, 
R., 2003). In our study, wild type at stationary phase had positive TMRE labeling while 
DKO presented only the background staining. TMRE, ethyl esters of 
tetramethylrhodamine, is primarily a mitochondrial membrane potential sensor. TMRE 
cross the plasma membrane rapidly, and their strong fluorescence allows them to be used 
at low concentrations, thus avoiding aggregation. Because their fluorescence is relatively 
insensitive to intracellular environment, spatially resolved fluorescence of TMRM and 
TMRE presents an unbiased profile of their transmembrane distribution that can be 
directly related to the plasma membrane potential via the Nernst equation (Chen LB., 
1989). Lack of TMRE labeling indicates the disruption of  transmembrane potential and 
is also a signal of mitochondria dysfunction. Therefore TMRE labeling patterns in the 
stationary phase suggested mitochondria of DKO were destroyed at the stage. This data 
also coincide with the colony forming result that most DKO lost viability during the 
stationary phase. Hence, mitochondria dysfunction may be involved in the apoptosis-like 
cell death in nutrient starvation. 
However, our study showed that cyclosporin A, inhibitor of mitochondrial 
permeability transition (MPT) and the release of caspase activators such as cytochrom c, 
could not rescue DKO from either nutrient starvation at stationary phase or lipidtoxicity 
of palmitate. Instead, addition of cyclosporin A killed more DKO as compared to the 
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control group. The result was not totally unexpected. So far, studies have not shown if 
cyclosporin A really works in S. pombe. In addition, the hypothetical MPT in S. pombe 
may not contain cyclophilin D, a MPT inducer that is blocked by cyclosporin A (Connern, 
C.P. and A.P. Halestrap, 1996). Moreover, in the previous study, we found that severe 
ROS accumulation is a strong marker in TAG-absence-induced-cell death. As such, in 
DKO, the impairment of mitochondria would be an outcome not a cause of attacks of 
ROS. Hence even cyclosporin A could not block the damage of mitochondria induced by 
the ROS extensively spreading in the cells.  Another possibility is that the release of 
caspase activator from mitochondria in DKO upon stress conditions was independent of 
the permeability transition pore but triggered by the Bax specifically attached to 
mitochondrial membranes (Decaudin D, et al, 1998). 
To further identify if mitochondria effectors like apoptosis inducing factor (AIF) 
play a role in the cell death under the absence of TAG, we knocked out a gene 
homologous to mammalian AIF (SPAC29A4.01c), designated aif1+, in the genome of 
both wide-type and DKO (data is not shown). There are a few AIF homologs in S. pombe. 
AIF was reported to translocate from mitochondria to cytosol and nuclei during apoptosis 
and induce chromatin condensation and fragmentation of DNA into 50 kb fragments 
(inhibitable by EDTA but not by zVAD-fmk) but not the oligonucleosomal cleavage 
(Susin, S.A., et al, 1999). To our surprise, deletion of this gene seemed no effect on the 
cell death occurring in DKO upon stationary phase, high salt concentrations and fatty 
acid treatment. TUNEL assay and DAPI staining of TKO cells still revealed prominent 
DNA fragmentation. The result suggested that factors other than AIF may be involved in 
the cell death.  
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7.4.3 Caspase 
Caspase are cysteine proteases that execute the apoptotic message (Uren, A.G., et al, 
2000). In general, activation of caspases is dependent on either mitochondria or cell death 
receptors (Chen, M. and Wang, J., 2002). In order to find out if the apoptosis-like cell 
death is caspase dependent, we deleted an Yca1 homolog from S. pombe (GeneDB 
systematic name: SPCC1840.04) from wild-type and DKO. Surprisingly, no difference in 
the degree of cell death and DNA fragmentation was observed between the DKO and 
trible deletion strains when cells were grown to stationary phase or when log phase cells 
were treated with DAG or fatty acids. Interestingly, Pca1 triple knockout were more 
vulnerable than DKO when treated with fatty acid and hydrogen peroxide.  Adding 
caspase inhibitor zVAD-fmk also failed to prevent cell death and DNA fragmentation in 
our experimental system. These results suggest that caspase does not play an essential 
role in lipoapoptosis in the fission yeast. 
    
To summarize the above discussion, we presume the apoptosis-like cell death in 
S.pombe would be one of the evolutionary-old apoptosis. It may be obsolete and reflect 
the development of apoptosis. As a primitive form of apoptosis, crucial regulators such as 
caspase or AIF known from the mammalian system may not be involved. One the other 
hand, mitochondria would begin to play a role to regulate the process. We believe future 
works in yeasts are necessary not only to trace the evolutionary development of apoptosis 
but also to identify additional regulators and regulatory system. 
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7.5 Apoptosis in yeast: suicide or murder? 
The original meaning of apoptosis is that it is a physiological, suicidal form of cell 
death in metazoan by which functionally impaired cells (stressed or insulted cells), 
potential harmful cells (e.g. auto-reactive lymphocytes, viral-infected or mutated cells) or 
temporary structures during development (e.g. digit sculpting during embryogenesis) are 
eliminated (Madeo, 2000).  Based on the definition, the occurrence of apoptosis in 
unicellular is controversial. Many scientists think a suicide program in a monocellular   
life form could not provide the similar advantages as those in multicellular systems. 
Intriguingly, overexpression of pro-apoptotic proteins that have no apparent homologs in 
yeasts such as Bax, caspases, p53, or CED-4/Apaf-1 do induce cell death in S.cerevisae 
and S. pombe. Recently, a significant step was made in the identification of Yca1 
responsible for apoptosis induced by hydrogen peroxide in S.cerevisae by Madeo et al. In 
our study, the cell death taking place in S. pombe displayed typical apoptosis markers. 
And as discussed, although the typical apoptotic machineries of mammalian system may 
not be involved, this apoptosis-like cell death could be a controlled, autonomous process 
to some extent. Based on recent evidence, apoptosis could also exist in unicellular 
organisms such as yeast and common mechanisms probably underlie yeast and 
mammalian apoptotic processes. Here an interesting question is why mono-cell organisms 
undergoe apoptosis. 
Madeo et al suggested that apoptosis evolved in unicellular organisms as an 
altruistic response to severe oxidative damage. This cellular suicide program that 
eliminates weak or aged cells would help to ensure the viability and reproductive success 
of healthier members of the community harboring similar genomes. In the general view 
 223
of evolutionary development, presence of apoptosis implies that the organism has 
determined to evoke death when necessary, implying altruistic suicide behavior for better 
survival of the organism and propagation of the same genome. However, in the narrow 
sense of natural selection, central to “selfish ” model, every individual organism would 
strive to survive through a pattern of the strong killing the weak. Thus, here, it is 
suggested that the apoptosis in unicellular organism is not triggered from internal but 
external. Thus, apoptosis occurring in unicellular organism is primary a “murder” and not 
a “suicide”. In a condition of nutrient deprivation or great demand for energy source, to 
kill other members to spare dwindling resources or to obtain extra supply of energy is one 
of the practical strategies for survival. This explains why DKO processed apoptosis-like 
cell death in YES whereas growth arrest in ME. In rich medium, to kill other members 
does save the limited source while in ME or minimal medium, such an action seems 
ineffective because the energy wasted for apoptosis initiation may not be supplemented 
by the scarce source and to kill other members is of no help to the stringent environment. 
This may also account for the fact that yeast maintains viability better in water than in 
nutrient depleted media as observed by Longo, V.D., et al (1997). Therefore, the putative 
suicide program machine present in unicellular organism functions to confer evolutionary 
advantages.  
In this study, we suggest that exogenous ROS may be one of the “murderers” to 
initiate apoptosis. Our hypothesis is based on the following facts. First, ROS 
accumulation is necessary for and extensive in apoptosis in cells deficiency in TAG 
biosynthesis upon entering stationary phase or under stringent conditions such as 
oxidative stress, high salt concentrations, DAG treatment and fatty acid treatment, which 
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coincides with the fact that all cases of apoptosis documented so far in S. cerevisiae were 
shown to be associated with increased production of ROS. ROS as the highly reactive and 
small molecules are easily soluble in the water and rapidly diffuse. Thus, it is highly 
likely that yeasts would secrete ROS into the environment to trigger cell death of other 
cells.  Second, our study showed that low dose of hydrogen peroxide induced apoptosis-
like cell death in DKO, suggesting the intercellular communication through small active 
molecules is possible to induce apoptosis. Third, our study showed that apoptosis-like 
cell death of DKO normally occurred in rich medium containing glucose while in ME, 
DKO were ended in growth arrest, possiblely dying of necrosis. In addition, DKO grown 
in minimal medium (EMM) was less susceptible to stresses than those in rich medium. 
These results suggested that nutritional environment is a key determinant of the 
apoptosis-like cell death. As mentioned in earlier discussion, stationary phase in rich 
medium provides cells rapidly decreased level of intracellular cAMP level and may play 
a role to amplify the pro-apoptotic effects of ROS through promoting the intercellular 
ROS production.  
Intriguingly, our study showed that deletion the key genes of the possible apoptosis 
executioners pca+ or aif+ and the cyclosporine treatment could not rescue DKO from 
nutrition starvation or stress conditions. On the contrary, cells bearing pca+ or aif+ 
deletion are more vulnerable to stresses. It is possible that the loss of the apoptosis 
executioner would make cells bereaved of a possible protection system, in which 
apoptosis occurs via a coordinated, predictable and pre-determined pathway and could be 
potentially stopped if environment is improved. Moreover, the deletion of the genes could 
not attenuate the damage by the accumulated ROS. As such, the continuous accumulated 
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ROS in DKO would finally induce necrosis, a faster process that results from the additive 
effect of a number of independent unregulated biochemical events that are activated by 
severe depletion of cell energy stores and is difficult to prevent. Therefore, it is likely that 
the yeast may benefit from the existence of the pro-apoptotic candidate machine to 
optimize cell viability. Thus, a rational explanation for the PCD in yeast in this study is 
that in stringent conditions when the source is limited or energy is required, yeast cells 
secreted “murderer” signals into medium and less adapted ones are selectively eliminated. 
On the other hand, the candidate PCD machine is initiated to avoid necrosis and thus 
delay the termination of individual’s life.  
In this study, we observed that nutrition in the environment could determine a cell to 
select initiation of PCD or necrosis. The “sensing” of environmental nutritional cues, 
maybe expressed as the cAMP level, suggests a feedback system may be present for the 
process of cell death (Fig 7.4). 
Based on the above discussion, we believe that ROS plays a pivotal role to initiate 
apoptosis among DKO cells in stress conditions. However, we cannot exclude the 
possibility of the other secreted death signal molecules. And from the perspective of 
“murder” PCD hypothesis, it is possible that proteins possessing functions analogous to 
“death receptor” or “death receptor ligands” may exist in yeast (Fig 7.4). It has been 
shown that overexpression of BI-1, a Bax inhibitor that was found to prevent cell death 
induced by growth factor depletion, which is known to activate death receptor. 
Interestingly, overexpression of this protein in the yeast S. cerevisiae was found to inhibit 





















7.6 Difference between fission yeast and budding yeast  
The fact that S. cerevisiae cells deficient in TAG or neutral lipid synthesis showed 
no obvious growth defects is intriguing. Sandager et al. (Sandager, L.,et al 2002) reported 
a 3.7-fold decrease of DAG in cells deficient in neutral lipid synthesis at the stationary 
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Fig 7.4 Programed Cell Death in monocellular organism yeast. Apoptotic machine 
is initiated by exogenous stresses (e.g. ROS) through death receptors. The apoptosis 
process could be stopped by a feedback system that could “sense”  the environmental 
alteration of nutritions. Death signals (ROS or ligands) could be released into medium 
to attack other member cells.  Necrosis occurs under severe conditions or the 





This discrepancy highlights the differences between the two yeasts and emphasizes the 
necessity to conduct parallel studies in both model systems. S. pombe in this regard bears 
more resemblance to the situation in higher eukaryotes, because recent data suggested 
that TAG synthesis could be an essential process for higher cells (Buszczak, M., et al 
2002). S. pombe has been extensively used to study the molecular mechanisms of many 
aspects of cell physiology, including cell cycle and stress signaling; however, little work 
has been done in the area of lipid cell biology. Therefore, examination of certain aspects 
of lipid metabolism in the fission yeast might yield highly valuable information.  
Although we have thus far focused on the role of lipids in causing apoptotic cell 
death, it is of importance to note that nutrient depletion not only changes cellular lipid 
metabolism but that it itself is a common form of stress. In both yeast and mammalian 
cells, SAPK/MAP pathways are known to play an important role in the activation of 
apoptosis (Severin, F. F., et al 2002, Lin, A., 2000). Actually, compared with budding 
yeast, several features of the fission yeast Sty1 pathway make it more similar to the 
mammalian stress-activated p38 pathway than to the budding yeast Hog1p pathway. 
Qualities shared by the fission yeast and mammalian pathways but not by the HOG 
pathway include activation by multiple stresses and similar transcription factor targets for 
the APK. In addition, the mammalian and fission yeast pathways are both stimulated by 
the protein synthesis inhibitor anisomycin whereas the budding yeast HOG pathway is 
not (Gustine, M.C., et al, 1998). It would be interesting to examine how the TAG-
deficient cells respond to other forms of stress such as oxidative or osmotic stresses. The 
eventual apoptotic cell death reported here could probably result from the interplay 
between accumulation of toxic lipids (DAG) and stress signaling.  
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7.7 Future work 
As shown in this study, we provided convincing evidence that DAG and ROS are 
critical for fatty acids-induced apoptosis in yeast. Powered by the genetic tractability of S. 
pombe, more components of the lipoapoptotic pathway are expected to be identified and 
characterized; whether the same components and mechanisms exist in mammalian 
systems, especially during the course of the development of human type II diabetes, 
would be highly interesting and worthy of future investigation. Here, it needs to be 
pointed out that it is yet to be identified if the mechanisms of lipoapoptosis in the fission 
yeast are conserved in the mammalian systems, since this eventually determines the 
utility of this fission yeast model system. However, it is very likely that comparative 
studies would yield invaluable information, powered by genetic screens aimed at 
identifying yeast and mammalian genes involved in lipoapoptosis. Thus, from this point, 
the TAG-less S. pombe strain could offer a novel platform to screen for compounds that 
might prevent fatty acids-induced lipoapoptosis.  
The next obvious challenge is to identify the target of DAG and how it activates the 
apoptotic pathway in the fission yeast. The molecular targets of DAG are presumably 
those with a conserved DAG binding domain C1 (conserved 1) which is a cysteine-rich 
compact structure mediating the recruitment of proteins to the membrane (Spitaler M. 
and Cantrell D. A, 2004). As mentioned earlier, Munc13, a protein containing C1 domain 
has found to involve in DAG/phorbol ester-activated apoptosis (Spitaler M. and Cantrell 
D. A, 2004; Kazanietz M. G., 2002). In the S. pombe genome, there are three genes 
encoding C1 domain, namely pck1+ (PKC-like 1), pck2+ (PKC-like 2) and bzz1+ (Toda T, 
et al, 1993). To look into the interaction between DAG and the C1 domain in these 
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proteins would be helpful to identify the upstream induction events of lipoapoptosis in 
DKO. 
Finally, another challenge is to figure out the putative “murder” factor which 
initiates the apoptotic machinaries in S. pombe. The utilization of 2D gel screening 
technology is a good method to seek the postulated “death receptor ligand” in the 
medium of DKO upon stationary phase or under stress conditions.   
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